The effect of slow substrate diffusion on the activity, stability, and selectivity of immobilized enzymes: a theoretical and experimental study by Lee, Gene Ku
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1978
The effect of slow substrate diffusion on the activity,
stability, and selectivity of immobilized enzymes: a
theoretical and experimental study
Gene Ku Lee
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Lee, Gene Ku, "The effect of slow substrate diffusion on the activity, stability, and selectivity of immobilized enzymes: a theoretical and
experimental study " (1978). Retrospective Theses and Dissertations. 6568.
https://lib.dr.iastate.edu/rtd/6568
INFORMATION TO USERS 
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 
1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Pa^(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 
2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in squz! ssctions with s sma!! cvsrîsp. !f ncocsssry, sectioning is 
continued again — beginning below tiie first row and continuing on until 
complete. 
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 
5. PLEASE NOTE: Some pages mav have indistinct print. Filmed as 
received. 
University Microfilms International 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 USA 
St. John's Road, Tyler's Green 
High Wycombe, Bucks, England HP10 8HR 
T903995 
LEE, GENE KU 
THE EFFECT OF SLOW SUBSTRATE DIFFUSION ON THE 
ACTIVITY, STABILITY, AND SELECTIVITY OF IMMOBILIZED 
ENZYMES; A THEORETICAL AID EXPERIMENTAL STUDY. 
IOWA STATE UNIVERSITY, PH.D., 19T8 
UniversiW 
MicrcJilms 
International 300 N. ZEEB ROAD, ANN ARBOR, MI 48106 
The effect of slew substrate diffusion on 
the activity, stability, and selectivity of 
immobilized enzymes: A theoretical and experimental study 
by 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Faguirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major; Chemical Engineering 
Iowa State University 
Ames, Iowa 
1978 
Gene Ku Lee 
For the Major Eepartment 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
ACKNOWIIDGMENTS iv 
NOMENCLATURE vi 
I. INTRODUCTION 1 
A. Statement of the Problem 1 
B. Fundamental Concepts 2 
1. Nature of enzymes 2 
2. Nature of starch 5 
C. Hydrolysis of Starch 8 
1. Acidic hydrolysis 8 
2. Enzymatic hydrolysis S 
3. Reversion reactions 13 
D. New Technology 15 
1. Immobilization of enzymes 15 
2. Immobilization of glucoamylase 21 
II. THEORY 33 
A. Activity 33 
E. Stability 53 
1 o  Deactivation of soluble enzymes 55 
2. Deactivation of immobilized enzymes 58 
C= Selectivity 89 
III. EXPERIMENTS 94 
A. Materials and Chemicals 94 
1. Materials 94 
2. Chemicals 95 
B. Preparation of Immobilized Enzymes 95 
C. Analytical Methods 96 
iii 
D. Immobilized Tnzyng F«actors 100 
1. SinglQ-pass differential reactor system 100 
2. Batch recirculation reactor system 100 
IV. BESOINS 102 
Ac Glucoamylasa Activity 102 
B. Stability of ImmcbilizPd Glucoamylaso HI 
C. Selectivity of Glucoamylase 1?2 
D. Simultaneous Use cf Glucoamylaso and 
Glucose isomerase 131 
V. DISCDSSION 1U5 
A. Glucoamylase Activity 145 
1. Kinetics 145 
2. Effect of film diffusion 145 
3. Calculation of pore diffusion 
limitation 148 
4. Effect of pH on activity 158 
B. Stability of Immcbilized Glucoamylase 159 
C. Selectivity of Glucoamylase 164 
D. Simultaneous Use of Glucoamylase and 
Glucose IsoRsrase 16P 
VI. APPENDIX A: SINRULAP PEPTUFBATICN TFCHNIQUE 170 
VII, APPENDIX B. 0BTH0GCN5L COLLOCATION METHOD 178 
VIII. APPENDIX C: FOOTS OF OFTHOGONAL POLYNOMIALS 184 
IX. APPENDIX D: DISCFETI2ATI0N MATFICES AND 
WEIGHT VÎC^OF 190 
X. APPENDIX E: DEACTIVATION OF IMMOBILIZED 
ENZYMES 199 
XT. APPENDIX F: CALCULATION OF 211 
XII. BIELICGEAPHY 213 
iv 
ACKNOWLEDGMENTS 
The author wishes to express his sincere gratitude and 
deep appreciation to his advisor, Professor Peter J, Eeilly, 
for his encouragement, patience, and guidance. His many 
helpful suggestions, constructive criticism, and inexhaustible 
enthusiasm have been most invaluable in the course of this 
work. 
The author also wishes to express many thanks to his 
previous adviser. Professor George T. Tsao. without his 
inspiration and orientation in the initial phase of this work, 
this exciting new field of chemical engineering would have gone 
untouched. Professor Yoon Young Lee should be thanked for the 
same in Professor Tsao's absence. 
The author conveys a special word of thanks to Mr. Howard 
Weetall for providing the information on immobilization as well 
as porous glass whenever needed and for the timely donation of 
high pressure liquid chromatograph. 
The author is also indebted to the Research Applications 
Directorate, the National Science Foundation, for the financial 
support he received throughout his education and research at 
loya State 'Jniversity^ 
The author wishes that he could share today's achievement 
with his late /father. He did everything any father could do 
for his loving son and his education. 
V 
The author has incurred so many obligations to his mother, 
brother, and sisters for their moral support. Especially to 
his understanding wife who survived long waiting years. It is 
to her that the author dedicates this dissertation in gratitude 
and affection. 
vi 
NOMIWCIATUPE 
alphabets 
A') i^) substrate; its concentration 
external surface area of a pellet 
/A- discretization matrix 
a- constants in equation (7.3) 
S chemical species 
Bij discretization matrix 
^ constant in equation (7,3) 
C chemical species 
C dimensionless substrata concentration 
concentration of substrate A 
cLx-fS) dependent variabl* in equations (6.1) and (6.U) 
n-th term of a series expansion of C(x;£) 
approximate solution 
d*" inner solution 
n-th term of a series expansion of 
cuter solution 
(f n-th term of a series expansion of K 
concentration of glucose 
J 
C. constant in equation (7.6) 
0 molecular hulk diffusivity 
0° molecular bulk diffusivity at infinite dilution 
A molecular bulk diffusivity of A 
vii 
effective aiffusivit.y of A 
P" bulk diffusivity cf maltodftxtrin with d.p. = N at 
infinite dilution 
D° mclecular diffusivity of A in wator at infinite 
dilution 
dp diameter of particle 
£• (É) uncorabined mnzymp; its concentration 
activation energy 
£ amount of immobilized enzyme 
active enzyme; its concentration 
£ active enzyme concentration per unit volum® of 
carrier 
activation energy for deactivation 
£^;(£^) deactivated enzyme; its concentration 
total concentration of all forms of enzyme 
-A 
5^ initial concentration of immobilized enzyme 
£^ ; (É/^) enzyme-substrate complex; its concentration 
relative effectiveness factor 
enzyme-hydrogen cemplex 
ê. active enzyme concentration, dimensionless 
f flow rate; fructose 
/(c) rate function defined by equations (6.1) and (6.3) 
•pCS,C^) function describing the effects of substrate on 
enzyme deactivation, equation (2.45) 
fCk) defined by equation (5.1%) 
6, glucose 
disaccharid^ 
viii 
c 
5A 
,44' 
k 
p 
J 
Ke ,'<eS 
K 
K 
Ealtodextrin with a.p. of 3 or high«r 
rate of generaticn of A 
hyârogen ion; concentration of hydrogen ions 
enthalpy changes for deactivation of enzyme, 
equation (2.9) 
Thiele modulus, dimensionlAss 
modified Thiele modulus, dimensionless 
J-factor defined by equation (5.2) 
gguilibrium constants for reversible deactivations, 
equation (2.9) 
equilibrium constants in equation (2.11) 
Michaelis constant 
Holtzmann constant 
rate constants 
rate coefficient for utilization of substrate 
rate constants defined by equations (2.5a) and 
(2.6b) , respectively 
rate coefficient enzyme deactivation 
mass transfer constant 
^ characteristic length of a pellet 
/V degree of polynomials; number of collocation points; 
degree of polymerization 
Nusselt number 
^ order of reaction 
P product 
/e Peclet number 
p shape factor of a pellet, dimensionlpss (1=slab, 
ix 
2=cylinâer, 3=sph@rG} 
R activity of immobilized enzyme particle 
residual of a differential equation 
cbservpd rate per unit volume of carrier 
Reynolds number 
relative activity, dimensionless 
-9 
rats of glucose formation 
r temperature 
t time 
half-life 
half-life in absence of sustrate 
half-life at substrate saturation 
Je Schmidt number 
UL superficial veloci+y 
V volume of a pellet 
volume of fluid in batch-recirculation reactor 
1/h. maximum reaction velocity 
molar volume of maltodextrin of d.p.=N 
geometrical volume of a pellet 
u/. weight for a quadrature formula, equation (7.10) 
"J 
weight percent of glucose 
/ chemical species; reaction intermediate 
% distance from a joint, line, or plane of symmetry 
% stretched variable 
y chemical species 
X 
y " ( v a l u e  o f  y  ( x )  a t  t h e  i - t h  c o l l o c a t i o n  p o i n t  
Greek letters 
é ratio between rate coefficient for deactivation of 
EA and that for deactivation of E, dimensionless 
cTj Kronecker delta 
^ effectiveness factor, diwensionless 
g parameter; bed vcidity 
^ internal observable 
# viscosity of water 
0 void fraction 
X dimensionless Michaelis constant 
jU. viscosity 
1 dimensionless distance 
/> density 
"T dimensionless timg; tortuosity 
<p internal observable 
volume fraction 
(J? y- general modulus 
-r.K. 
Subscripts and su£ersçri2^ 
/s pertaining to immobilized enzyme 
>, < related to >>K^ and r?sp^»ctively 
A refers to substrate A 
h bulk value 
xi 
ci related to deactivation of enzyme or deactivated 
QBzyme 
6 effective or equilibrium value 
/J degree of polymer of maltodextrin 
o initial; at infinite dilution; pR-independent 
ohj okerved value 
f denoting the shapg of a pellet 
S surface value 
w water 
(j> affected by diffusion limitation 
1 
I. INTRODUCTION 
A. Statement of the Problem 
In the United States, more than 10 million tons of sugar 
(sucrose) are consumed as sweetener each year, half of it being 
imported. Therefore, in order to make foreign sugar available 
to U.S. consumers, the price of sugar was controlled at a 
generally high level by the Sugar Act. These high sugar prices 
provided a strong stimulus for the development of new sucrose 
substitutes, find the stimulus became even stronger when the 
price of sugar soared during 1974 and 1975, largely due to the 
expiration of the Act and the growing demand of sugar in the 
world market. 
The most abundant raw material for a sugar substitute is 
corn, whose annual crop ranges between five and six billion 
bushels in the U.S., with less than 8% of the crop currently 
used in food processing industries. The starch from corn, 
which is a polymer of glucose, can be hydrolyzed to glucose 
with the use of acids or enzymes. Glucose, although not so 
sweet as sucrose, can satisfy much of the need of the food 
industries and still be converted enzymatically to fructose, 
the sweetest among sugars used in large quantities. 
Enzymes have been used in soluble form, where they are 
difficult to separate from the product solution. In addition, 
they are often rather unstable and not reusable. Therefore, 
considering that enzymes are among the most expensive and 
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difficult materials to obtain in reasonable quantities, any 
procedure that can economically extend the life and reusability 
of enzymes should be considered. The technology of 
immobilizing enzymes on inert carriers was introduced in 
1950's, and is already used commercially. Among the most 
popular enzymes for immobilization is glucoamylase, a 
starch-hydrclyzing enzyme, because of its potential 
applicability. More than ninety articles have been published 
on its immobilization. 
Enzymes, once immobilized, behave as heterogeneous 
catalysts and their inherent properties could be disguised by 
diffusion within and about the carrier. Therefore, it is 
essential to be able to assess such disguises to better use 
immobilized enzymes. The present study is aimed at 
characterizing and explaining the activity, stability, and 
selectivity of immobilized glucoamylase. It is hoped that such 
a study will enhance the applicability of immobilized enzymes 
and lead to innovations in currently employed industrial 
processes. 
B. Fundamental concepts 
1= îiaturi of enzvmes 
Enzymes are proteins, consisting of up to several hundred 
amino acids, whose sequence and spatial conformation are unique 
and vital to their function as catalysts. Enzymes as catalysts 
are characterized by their specificity and great rate of 
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reaction rate enhancement. The cause of these two outstanding 
features, although reviewed by many authors (75, 92, 102) , has 
yet to be completely explained. In this regard, a quotation 
from Storm and Koshland (177) seems appropriate: 
Nature's catalyst, the enzyme, is capable of 
accelerating a chemical reaction faster than any 
man-made catalyst under the mild conditions of 
aqueous solution, room temperature, and neutral pH. 
The source of this catalytic power has puzzled 
chemists and biochemists for many years. The 
increasing information from proterr. modification 
and X-ray crystallography has served on the one 
hand to increase our information about this process 
and at the saao time to heighten the dilemma. It 
has, for example, become apparent that excellent 
nonenzymatic chemical analogs can be found for 
essentially every enzymatic reaction. Yet a 
quantitative comparison of the velocity of these 
nonenzymatic analogs with the velocity of the 
enzymatic reaction reveals differences as high as 
1012 even after corrections for all the understood 
catalytic features have been made. 
In enzymic reactions, the catalytic step is effected on 
the surface of the enzyme molecule. That portion of the 
ffiolecuie at which catalysis occurs is referred to as the active 
center or active site. The active site of an enzyme is usually 
a structure of some complexity* containing a number of 
different functional groups of amino acids arranged in a 
particular pattern. It is generally assumed that this special 
structure permits the interaction of the functional groups of 
the substrate with those at the active center to form the 
enzyme-substrate complex. The simplest view on the formation 
of the complex is the well-known Fischer's •lock-and-key• 
hypothesis (102). The hypothesis accounts for only the steric 
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requirements that the substrate molecule must be exactly 
complementary in form to the normal enzyme molecule so that 
there is a mere fitting together of the two molecules. Such a 
hypothesis is too simple to explain a variety of specificity 
and in fact electrical interactions, in addition to the steric 
effects, among charged groups and dipoles are also important. 
Also important is the reactivity of the formed complex, which 
is related to the great rate of acceleration by enzymes» The 
theories of induced fit extensively developed by Koshland and 
Meet (9 2) and strain or rack by Jencks (75), postulate that 
both enzyme and substrate become distorted during the formation 
of the complex with an increased free energy, and provide the 
qualitative explanation why an increase in rate is observed in 
enzymic reactions. 
Another characteristic of enzymes is that they, like other 
proteins, generally undergo a characteristic change, called 
denaturation, when treated by various denaturing agents such as 
heat, pressure, acids or bases, or some organic solvents, such 
as alcohol or urea. The denaturation of enzymes leads to a 
loss of their catalytic activity and is specifically called 
inactivation or deactivation^ It is also known that some 
enzymes require the presence of specific metal ions for their 
activity, while other metal ions deactivate the enzymes. 
Still another characteristic of enzymes is the diversity 
in their action. Actually nearly all biological reactions are 
catalyzed by seme enzymes, which split molecules, rearrange or 
join them, or transfer groups or atoms from one molecule to 
another. Illustrations of the many kinds of enzyme-catalyzed 
reactions can be found elsewhere, e.g., in Dixon and Webb (37). 
2. Nature of starch 
Starch is a high molecular weight polymer of D-glucose. 
Host starches consist of a mixture of two types of polymers, 
amylose and amylopectin. The proportion of the two polymers 
varies in different starches, but is generally in the range of 
one part of amylose and three parts of amylopectin. For 
example, the basic cornstarch which was utilized to produce the 
dextrin substrate used in the present research had 
approximately 13% amylopectin. 
The linear polymer of starch is known as amylose or 
A-fraction. In this polymer, the glucose units are joined by 
oC-D-(1>tl) linkages to yield linear chains of several hundred 
glucose units. A segment of an amylose chain is represented 
diagramatically in Fig, 1.1, and structural details of a 
portion of this segment are also shown. Branched starch has 
been designated as amylopectin or B-fraction. The molecular 
size of amylopectin ranges from several hundred thousand to 
several million, representing many thousands of glucose units 
per molecule. al-D-(1>6) linkages give rise to the so-called 
branch points in the molecule. A representation of these 
structural features of amylopectin is shown in Fig. 1.2. 
-o 
OH 
Fig. 1.1. Schematic 
amylose. 
OA 
OH OH 
and detailed diagram of a segment of 
CHgO 
O -O, 
O- OH 
OH OH OH 
1.2. Schematic and detailed diagram of a segment of 
araylopectin. 
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Although 0C-D-(1>3) linkages have been found in amylopectin from 
waxy maize (213), their presence in other types of amylopectin 
has not yet been demonstrated. 
Introduction of more terminology is appropriate at this 
point. The OH attached to the 1-carbon is different from the 
other hydroxyl groups in the glucose ring, since it resulted 
from an intramolecular hemiacetal reaction and can react 
further with any alcoholic hydroxyl group to produce an acetal. 
The 1-carbon is called the 'anomeric carbon atom, since the 
hydroxyl group attached to it gives rise to a or p forms 
depending upon its position. Only oC-anomers are shown in Figs. 
1.1 and 1.2, for they are the only ones present in starch. The 
end of starch molecules with the free anomeric carbon atom is 
called the reducing end, and all the ether types of ends 
nonreducing. Sugars with such carbon atoms are called reducing 
sugars. 
C. Hydrolysis of Starch 
1o Acidie hydrolysis 
In 1811 Kirchoff presented before the Academie des 
Sciences three flasks containing syrup obtained by subjecting 
potatoes and whgat starch to hydrolysis by sulfuric acid; sugar 
obtained from this syrup by desiccation, and sugar extracted 
from the syrup by water (35) . This discovery of the 
acid-catalyzed hydrolysis of starch to glucose (commercially, 
dextrose) marked the start of a starch-derived sweetener 
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industry based on potato starch in Europe and corn starch in 
the United States. The three materials are still produced by 
the corn industries. 
The various aspects of acid hydrolysis of starch as 
understood through 1948 were discussed thoroughly fcy Kerr (83) . 
BeMiller (10) supplemented this with a review of important 
advances made to the early 1960's. The disadvantage of acid 
hydrolysis is the formation of byproducts. Hydrol, the mother 
liquor after the crystallization of dextrose, contains 
oligosaccharides produced by incomplete and nonspecific 
hydrolysis and reversion, products of decomposition and 
dehydration of dextrose, and colored products. These prevent 
the crystallization of twice their amount of glucose, and 
resaccharification of the hydrol is costly from the standpoint 
of equipment because of the complexity of the converting 
process. Another economic handicap is that the hydrol can be 
sold only at very low prices to alcohol, yeast, and food 
producers. 
2. EnziiâtiÇ k^drglysis 
Hith the remarkable progress in enzyme chemistry and 
technology and understanding of the disadvantages inherent in 
acid hydrolysis, since 1960 the dextrose industries in the O.S. 
have adopted the enzymatic method to hydrolyze starch to 
dextrose. 
Fig. 1.3, which was taken from Pazur (153), demonstrates 
the many enzymic methods for the conversion of starch to 
glucose. It shows four biochemical pathways: 
i) Phosphorylase pathway 
ii) ©(-Asylase pathway 
iii) 0-Amylase pathway 
iv) Glucoamylase (/-amylase) pathway 
Among them, only the latter three are industrially employed. 
As indicated in Fig. 1.3, starch is converted by oC-amylase to 
glucose, maltose, and low-molecular-weight oligosaccharides 
containing oé-D-(1>4) and o&D-(1»6) linkages. It attacks its 
substrates at most internal bonds and is accordingly classified 
as an endoenzyne. On the other hand, ^-amylases are exoenzymes 
and attack alternate linkages from the nonreducing ends of a 
substrate, releasing maltose. ^-Amylase, unlike o£-amylase, 
cannot bypass branch points in its substrates, and thereby 
glucan fragments containing all the o6~D-(1>6) linkages and a 
high percentage of the linkages originally in the 
starch also result from its action. Here, the prefix oi or ^ 
before amylase conveys information about product 
stereochemistry, not substrate specificity, and implies that 
^-amylase inverts configuration of the product. 
The most direct route to glucose production is the 
glucoamylase pathway, in which the exoenzyme removes a single 
glucose unit from the nonreducing ends of starch chains with 
inversion of configuration to Since both the o6-D-(1>4) and 
the oC-D-(1^6) linkages are cleaved by glucoamylase, essentially 
11 
-R-Eiizvnu' 
«-(I, 4)(1. 6)-Gluran 
fragment 
n-d, 4)-Glucan 
fragments 
Pliosl)hoyylfisc » 
STARCH 
(v-i)-Glucosc 
1-phosphate 
• Ghicoamylasc 
•oligosaccharides 
\  Hvrlrolnfsa Phosphatase ' \ 
^ \ 
>- D-GLUCOSE 
a-d, 4)(1, 6)-Glucaii 
fragment 
R-Enz\'me • 
Maltose • 
a-A> lylnse 
3-A»iylfis( 
(ï-(l, 4)(1, 6)-
Glucosyl 
oligosaccharides 
i7-(l, 4)-Glucan 
/  fragments 
j3-Am.viast' 
_ Olijjosarcliaride 
hydrolase 
a-Amylase 
OUc;o-(l,6)- 4)-Glucosyl frliirnsidase oligosaccharides 
Fig, 1.3. Enzymatic methods for the conversion of starch to 
glucose. 
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complete hydrolysis of starch and dextrin (partially hydrolyzed 
starch) is theoretically possible, and glucose may be obtained 
in nearly quantitative yields. Until the term glucoamylase 
(oC-D-1, tl-glucan glucohydrolase) was adopted (154), the enzyme 
had been called glucogenic enzyme (32), ^ -amylase (86) , 
gluc-amylase (158, 159) and aiayloglucosidase (84). 
Glucoamylases are produced by several species of fungi of 
the Aspergillus, Bhizopus, and Endomvces genuses, and by 
certain yeasts and bacteria, and have even been detected in 
animal tissues, particularly in the liver (153). Among these 
strains, ni^er, fihizopus sp., and Endomvces sp. are empolyed 
in the commercial production of glucoamylase. The enzymic 
properties differ to a degree depending upon the strain, and 
shown in Table 1 (187) . 
Characteristics 
Table 
of commercial 
1 
glucoamylase preparations 
Species k' niger Bhizop^ sp. Endomvces sp. 
Optimum temp. 550C-6OOC 500C-550C 550c 
Optimum pH 3.5-5.0 4.5-5.5 4.8-5.0 
oC-amylase + 4-i- 0 
1,6-Glucosidase ++ + 0 
Transglucosidase + 0 0 
It is apparent that the A« nia§r enzyme is slightly more 
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thermostable and acid-tolerant and has higher 1,6-gluccsidase 
activity, that Endomyces is slightly less thermostable than the 
others, and that Bhizopus enzyme has much higher oC-amylase 
activity. While slight differences in pH optima are of minor 
importance, the temperature at which starch is hydrolyzed is 
very critical. Microbial growth and contamination of the 
conversion liquors present a potential problem when conversions 
are conducted at temperatures below about 550C; therefore, it 
is a distinct advantage to operate above SS^C if practicable. 
A. niqer glucoamylases are exclusively used in the O.S., while 
those from Bhizopus were used in Japan (179), 
3. Beversion reactions 
Commercially available glucoaraylase preparations are, as 
shown in Table 1, contaminated by other types of carbohydrases. 
Thesa include pectinases, cellulases, and the like, which are 
not of recognized significance in the hydrolysis of starch. 
Enzymes such as transglucosidase are frequently present in 
sufficient quantities to exert a pronounced effect on starch 
hydrolysis. Transglucosidase, also referred to as 
transglucosylase or transglycosidase, catalyzes the synthesis, 
particularly from maltose, of unferasntabls branched destrins. 
These unfermentable sugars are not readily hydrolyzed to 
glucose by glucoamylase, which can lead to substantially 
reduced glucose yields if glucoamylase preparations containing 
significant amounts of transglucosidase, e.g. crude extracts 
1 4 
frcm A. niqer, are used for starch hydrolysis. 
Cn the other hand, several authors after incubating 
glucose in solutions of purifiad A. niger (68, 187) and B. 
niveus (141) glucoamylases found various reversion products, 
their amounts depending upon the concentration of glucose and 
enzyme present. Hehre et aln (68) observed that maltose was 
synthesized more rapidly than isomaltose but reached 
equilibrium guickly, while isomaltose predominated in long term 
incubations, Ihe formation of both glucobioses was far greater 
in solutions initially containing pure 0-glucose rather than 
iX-glucose. Considering the configurational inversion by the 
action of gluccamylase and the rather slow mutarotation of 
0-glucose to oC-glucose, they concluded that the reversion 
synthesis, or condensation reaction, «as due to glucoamylase 
itself and not to contaminating carbohydrases. 
Before starch can be effectively converted by glucoamylase, 
it is thinned to reduce the starch to a manageable, 
essentially completely soluble and nonretrogradable form* 
Whether acid or a^amylase is used in the thinning step 
distinguishes between acid-enzyme and dual enzyme dextrose 
processes. Factors whxch affGct ths Gffxcxoxicy of ths 
conversion of starch include starch concentration, type and 
extent of thinning, temperature, pH and time of 
saccharification, and the amount of saccharifying enzyme 
employed. Dnderkofler et al. (187) gave a typical result 
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obtained with the two types of dextrose processes, noting the 
higher, although not complete, conversion by the dual enzyme 
process and higher concentrations of reversion sugars in the 
acid-enzyme process. These observations can be explained by 
reversion reactions, which are more noticeable in acidic 
hydrolysis (10). 
D. New Technology 
In spite of their distinctive features as discussed in 
Section I.E.2, the use of enzymes has been limited by several 
factors to only certain food and drag products. First, it is 
costly and difficult to obtain enzymes in reasonable 
gaantities, for their isolation and purification requires 
delicate methods. Secondly, most enzymes become unstable when 
removed from the living cell. Thirdly, it is difficult and 
expensive to recover enzymes after use in soluble form, and 
even if recovered their repeated use is not likely largely due 
to inactivation. Therefore, it is natural to attach enzymes to 
solid supports in hope that some of the deleterious effects can 
be avoided. 
1. Immobilization of enz%m@s 
Although th@ hxstory of xminobxlxzeu snzymGs dat^s back to 
1916 when Nelson and Griffin (145) succeeded in adsorbing 
invertase on charcoal and alumina, the major sustained impetus 
for the development of immobilization techniques came in the 
1950's from the laboratories of E. Katchalski in Israel and G. 
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Manecke in Germany, with later input from Crook and others in 
England and still later from groups in the United States, 
Sweden, and Japan. Since these earlier efforts, a number of 
physical and chemical techniques have been developed, and new 
methods continue to evolve. For the last few years, an average 
of 150 papers on immobilized enzymes has appeared every year. 
At the present time around 50 reviews of immobilized enzymes 
are available. 
The term 'immobilization' refers to confinement or 
localization of enzymes during a continuous catalytic process 
that allows the enzyme to be separated and recovered physically 
from the reaction solution. The reasons for the growing 
popularity of immobilized enzymes are their advantages over 
soluble enzymes as implied by the term itself: 
i) The enzymes can be used repeatedly. 
ii) Continuous processes become practical. 
iii) The processed solution is enzyme-free. 
i'?5 The sztent of reaction can bs controlled precisely 
and rapidly. 
Another advantage ehich often, if not always, results from 
immobilization is that enzyme properties are altered favorably. 
For example, very often enzymes become more stable on 
%mwob%l%z&tzon, . The study by Melrose (131) of storage 
stability shows that among 50 immobilized enzymes, 30 were 
found to be more stable, 8 less stable, and no difference was 
observed in the others. Additionally, immobilized enzymes can 
serve as in vitro models for the in vivo membrane-bound 
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enzymes. In fact this was one of the earliest motivations for 
immobilized enzymes (56, 79) . 
Over the last few years a variety of immobilization 
techniques and carriers have been developed. Excellent and 
comprehensive reviews on the preparation and properties of 
immobilized enzymes are available as monographs (133, 217) and 
as articles (43, 44, 169, 194). The following is only a brief 
synopsis of the reviews. The modes of immobilization can be 
classified, conveniently but subjectively, into the following 
eight groups: 
i) Adsorption onto carriers. 
ii) Intermolecular crosslinking of enzymes, 
iii) covalent attachment to preformed carriers, 
iv) Copolymerization with reactive monomers. 
V) Formation of inorganic {metal salt) bridges with 
carriers, 
vi) Entrapment within crosslinked polymers, 
vii) Microencapsulation. 
viii) Containment within semipermeable membrane devices. 
Adsorption is the oldest and simplest immobilization 
technique. Enzymes are adsorbed to surface-active carriers 
such as alumina, carbon, clay, ion-exchange resins, cellulose, 
or glass by simply exposing the enzymes to the carriers under 
very mild conditions, since no strong binding forces exist in 
âusoîTptxoû, uesorptxon occurs wzth subsegusnt loss of cstalytzc 
activity and contamination of products. One way of improving 
the retention of adsorbed enzymes is by causing intermolecular 
crosslinking of the adsorbed enzymes using bifunctional 
reagents like glutaraldehyde (57), 
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Such bifunctional reagents can also be added to an enzyme 
solution under certain conditions that give a water-insoluble 
macromolecule with retention of activity. However, derivatives 
prepared by intermolecular crosslinking appear gelatinous, not 
suitable for use in column reactors. 
The third mode of immobilization is the most widely 
utilized method. Amino acid residues of the enzyme which are 
not essential for its catalytic activity are covalently linked 
to chemically activated carriers such as cellulose, glass, or 
synthetic polymers. Covalent couplings are effected by many 
reactions (217), and peptide bond formation, alkylation, and 
diazotization are only a few of them. Because of the covalent 
nature of the bond, the attachment is not reversed by pH, ionic 
strength, or substrate. The wealth of carriers developed 
hitherto makes the covalently bound immobilized enzymes 
adaptable to various engineering needs, covalent attachment, 
however, results in chemical modifications to the enzymes that 
may change their reactivity. The active site can be protected 
from its involvement in bonding by performing the coupling 
reactions in the presence of a substrate or its analogs. Along 
yith the methods already developed, the knoyledge of chemical 
modifications cf proteins (129) is very helpful in finding the 
optimum conditions for successful immobilizations. 
In the next mode, enzymes open the rings of N-carbozyamino 
acid anhydrides, often used as monomers, to form amide bonds 
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and polymerization is initiated. Goldman and coworkers <56) 
obtained the polypeptidyl derivatives of enzymes, whose degree 
of solubility in water varied with the choice of monomers. 
A recent method uses metal ions to immobilize enzymes to a 
variety of materials such as cellulose, nylon, and glass (5). 
The exact mechanism of binding is still not known, whatever 
the mechanism, however. Barker et al. (5) found that enzymes 
were not washed away by buffers of moderate ionic strength. 
The method has extremely high versatility with respect to types 
of supports, metal ions (tin, zirconium, vanadium, etc,), and 
enzymes which can be attached (glucoamylase, trypsin, glucose 
oxidase, etc.). 
Materials like polyacrylamide, silica gel, and starch gel 
can be crosslinked in the presence of an enzyme. The enzyme 
can thus be entrapped in the interstitial space of the gel 
matrix, while substrates and products can move freely. 
Although mild reactions do not produce significant alterations 
in the enzyme, disadvantages are the possible loss of the 
enzyme from locsely crosslinked gels and the difficulty of high 
molecular weight substrates in reaching the enzyme. 
à variaticn of the êrittapiâêût method is to use a mêmÈranê 
instead of a gel matrix. The microencapsulation method traps 
enzymes within microcapsules prepared from organic polymers or 
liquid-surfactant membranes. The pores or permeability of 
membranes allows the diffusion of low molecular weight 
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substrates and products. 
The last method is particularly suited for immobilizing 
enzymes acting on high molecular weight water-soluble or 
water-insoluble substrates. Commercially available 
semipermeable membranes, in the form of ultrafiltration disks 
or hollow fibers, are used to retain enzymes while allowing the 
movement of low molecular weight products. 
Just as there are many ways of immobilization, there are 
many kinds of carriers (132, 134). In making a selection from 
a variety of candidates, a two-step decision is necessary. The 
first is based on immobilization itself and the second is for 
the use of immobilized enzymes in continuous reactors, A 
carrier which fails in either of the criteria should not be 
chosen. The binding capacity and reactivity are largely 
determined by surface area, charge distribution, and 
hydrophilicity of carriers. To be employed in reactors, the 
carriers should be stable to reaction environment (pH, 
teapsrature,- chemicals), mechanically strong and dimsnsionally 
stable, not too small in size to cause high pressure drops, and 
resistant to microbial attack. Also, simple regenerability of 
the earners zs desirable m contmuous processes. 
From this brief review of a wealth of literature on 
immobilization, the only conclusion that can be drawn is that 
no one method or carrier has general applicability for all 
enzymes. The solvents, pH, and reactive groups found 
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acceptable for some enzymes may be completely useless for 
others. The properties also change as the methods vary. It 
appfcars that the enzyme and its desired application dictate the 
carrier and method of immobilization, 
2. Immobilization of c[luco^%iase 
Most of the methods of enzyme immobilization explained in 
the previous section have been employed for glucoamylase 
(Tables 2-5), except for intermolecular crosslinking, 
CO polymerization with reactive monomers, and 
ffiicrosacapsulationo Solomon and Levin (172) noted failures in 
insolubilizing glucoamylase by intermolecular crosslinking with 
glutaraldehyde, 
Glucoamylase was adsorbed on acid clay, activated 
charcoal, and diatomaceous earth and some of the adsorbed 
enzyme was descrbed from the surface (85, 190). Many ion 
exchange resins such as Amberlite, Duolite, and derivatives of 
cellulose or Sephadex were also used as adsorbents (Table 2). 
The degree of success with adsorption varies. While Miyamoto 
et al. (136) found DEAE-cellulose was not a good adsorbent, 
many others (3, 40, 170) successfully adsorbed glucoamylase on 
the sasie carrier and Smiley (170) reported 80% of laitial 
activity remaining after 13 days' operation. Since adsorption 
on ionic carriers is effected through ionic bonding, it is 
likely that increased charge on the enzyme would lead to strong 
adsorption. This point has been confirmed by Solomon and Levin 
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Table 2 
Glucoamylase immobilized by adsorption 
Adsorbent Bef. 
Alumina 173, 191 
Alumina 173 
(dyfed with Procion red brown) 
Affiberlite CG-4E Type II 136 
Amberlite CG-50 136, 137, 191 
Amberlite IB-45 151 
Amberlite IE-45 (0H-) 3 
Calcium phosphate gel 191 
Carbon 85, 188, 189, 190, 
191 
Cellulose, carboxymethyl ether 97, 136 
Cellulose, diethylaminoethyl ether 3, 40, 53, 54, 97, 
136, 138, 150, 170 
Cellulose bead, diethylaminoethyl ether 26 
Cellulose bead, guanidino 26 
Clay (acid) 85, 188, 189, 190, 
192 
Collagen 42 
DiatomaceoQs earth 85, 190, 191 
DOW0X-1-X4 191 
Dowex-1-XlO (C1-) 3 
Duolite 171 
Molecular sieve type 4A 173 
Sepkades, carbosysethyl ether 136 
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Table 2 (continued) 
Adsorbent Be£. 
Sepharose, hexyl or octyl 20,21 
Silica gel 191 
2U 
(171). They obtained stable immobilized glucoamylase by 
adsorbing on cationic carriers (DEAE-cellulose, DEAE-sephadex, 
Duolite) polyanionic water-soluble conjugates of glucoamylase 
prepared by succinylation or by coupling to ethylene-maleic 
anhydride or styrene-maleic anhydride copolymer. Recent 
adsorbents include collagen (42) and dense inorganic carriers 
such as alumina, nickel oxide, and stainless steel, all of 
which were activated by coating them with a layer of titanium 
oxide (66) . 
The method of entrapping glucoamylase in the lattice of 
polyacrylantide gels was used by many authors (8, 64, 74, 123) 
as a technique of immobilization. The gels are prepared by 
polymerizing solutions containing monomers, acrylamide, and 
cross-linking agents, usually N,M'-methylene-bis-acrylamidet. 
under deaerated conditions. Entrapping capacity, leakage of 
enzyme, and mechanical strength of the gel matrix depend on the 
concentration of monomer, the crosslinking ratio, and the 
method of polyirerization. Table 3 shows a variety of gel 
matrices prepared by different methods. 
Butterworth et al. (19) applied ultrafiltration cells to 
localize glucoamylase for the continuous hydrolysis of starch. 
NO leakage of the enzyme through the cell was reported after 
steady state was reached with 65% of initial activity 
remaining, other membranes used in localization of 
glucoamylase are listed in Table U. 
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Table 3 
Glucoamylase immobilized by entrapment within gel matrix 
Gel matrix 
Method of 
Polymerization Bef. 
Polyacrylaiaide+ Bulk 64, 74 
Po ly acr yla mid© + Suspension 8 
Polyacrylamide+ y-Ray CD
 
O
 
00
 
Polyacrylamide* y-Bay 122, 123 
Poly {sodium, calcium, or 
potassium) acrylate 
ar-Bay 81 
Cellttlosic fiber Wet spinning 33 
Fiber forming polymer Wet spinning 36 
2-Hydroxy@thyl acrylate and 
dimethylacrylamide copolymer 
y-Bay 121 
Polyvinyl alcohol Electron beam 119, 122 
Poly vinylp yrrolidone y-Ray 120 
+ Mixture of acrylamide and N,N*-methylene-bis-acrylamide.' 
* No crosslinking reagents used. 
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Table 4 
Glucoamylase immobilized by 
containment within ultrafiltration cell 
Cell and membrane Bef. 
Abcor 30 
flFA-200 membrane 
âmicon model 400 UF cell, 19, 200 
PH10 membrane 
âmicon model 402 UF cell, 114 
Am icon Utl2 Diaflo membrane 
âmicon model 402 UF cell, 126 
PH30 membrane 
Calgon-Havens 30 
OSBOTIK-215 membrane 
Not specifically reported; membrane 175 
equivalent to Diaflo type UM2 
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Among the various methods of enzyme immobilization the 
most prevalent is to covalently bind glucoamylase to active or 
activated carriers (Table 5). The carriers are either organic 
or inorganic and range from natural materials to synthetic 
polymers. The hydrosyl groups of polysaccharide carriers such 
as cellulose (118), Sepharcse (55, 97), Sephadez (173), and 
dialysis tubing (40) were activated with cyanogen bromide to 
give reactive imidocarbonates, which readily form amide bonds 
with enzymes. s-Triazinyl derivatives of cellulose (148, 212) 
have activated carbon atoms which alkylate enzyme molecules. 
On the other hand, the activation of amino carriers with 
glutaraldehyde, nitrous acid, or thiophosgene led to compounds 
to which enzymes were coupled via Schiff base (7, 73, 125, 172, 
202), amide (115, 116), azo (6, 105, 125, 202), or thiourea (6, 
49) linkages, cellulose with diazotized m-diaminobenzene was 
found to be a good immobilization support (60, 61). 
Chen and Tsao (25, 26) prepared cellulose in a porous bead 
form and developed eight different chemical procedures to 
immobilize enzymes on the beads either by ionic or by covalent 
bonding, compared to regular cellulose, the beads had a better 
mechanical strength, better flow properties, and a higher 
loading capacity. 
k new method of immobilization based upon hydrophobic 
interaction was developed. Caldeell et al. (20, 21) 
successfully immobilized glucoamylase onto a hexyl-Sepharose, 
Table 5 
Glucoamylase immobilized by covalent bonding 
Parent carrier 
Acrylamide and glycidyl acrylate copolymer 
(crosslinked with N,N'-msthylena-bis-acrylaoide or 
triacryloylhexahydro-s-triazine) 
Acrylamide and methacrylic acid anhydride copolymer 
(crosslinked with ethyleneglycoldiraethylacrylate or 
H, -methy lene-bis-methacrylaoide) 
Polyacryloylaminosalycylic acid 
Poly-p-aminost yre ne 
Polyaminostyrene 
Collagen 
Cellulose 
cellulose 
Cellulose 
Cellulose, aminoethyl ether 
Cellulose, aminoethyl ether 
Cellulose, 3-p-aiainophenoxy-2-hydroxypropyl ether 
Cellulose, 3'=p°°°aEinophôno£y*=2'= hydroxypropyl ether 
Cellulose, bromoacetyl ester 
Cellulose, carboxymethyl ether, hydrazide 
Cellulose, dialdehyde 
Cellulose, diethylaminoethyl ether 
Cellulose, iodoacetyl ester 
2 8 b  
Activation agent Active end group Bef. 
Hone Glycidyl osirans 199 
None Anhydride 93, 94 
Transition metal salts 
<TiClj, TiClf) 
Glutaraldehyde 
Nitrous acid 
Hydrazine, 
nitrous acid 
Cynogen bromide 
m-Diaminobenzene, 
nitrous acid 
Transition metal salts 
Glutacaldehyde 
Soluble carbodiimide 
Nitrous acid 
Thiophosgene 
None 
Nitrous acid 
None 
2-Amino-y,6-dicbloro 
s-triazine 
Transition metal 82 
Carbonyl 7 
Diazonium 105 
Acyl azide 13, 14 
Imidocarbonate 118 
Diazonium 60, 61 
Transition metal 5, 41 
Carbonyl 
Amino 
Diazonium 
Isôthiocyanato 
Alkyl bromide 
Acyl azide 
Carbonyl 
Chloride 
100 
100 
6 
6 
117 
115, 116, 166 
166 
148, 212 
None Alkyl iodide 117 
Table 5 (continued) 
Parent carrier 
Cellulose bead 
Cellulose bead 
Cellulose bead 
Cellulose bead 
Cellulose bead, aminoalkyl derivative 
Cellulose bead, aminoaryl derivative 
Cellulose gel, carbos y Diethyl ether 
Cellulose gel, carboxymethyl ether 
Dialysis tubing (Sargent-Welch) 
Enzacryl-TIO 
Gelatin 
Glass 
Glass, aminoalkyl derivative 
Glass, aminoalkyl derivative 
Glass, aminoaryl derivative 
Hornblende 
Hornblende 
Hornblende, aminoalkyl derivative 
Inert protein (bovine and human serum albumin, 
soybean protein, casein) 
29b 
Activation agent Active end group Bef. 
Cyanogen bromide Imidocarbonate 26 
Glutaraldehyde Carbonyl 26 
Hexamethylene 
diisocyanate 
Isocyanato 26 
Tolylene-2,4-
diisocyanate 
Isocyanato 25, 26 
Glutaraldehyde Carbonyl 26 
Nitrous acid Diazonium 26 
Anhydrous hydrazine, 
nitrous acid 
Acyl azide 96, 97 
Hydrazine, 
nitrous acid 
Acyl azide 96, 97 
Cyanogen bromide Imidocarbonate no 
Transition metal salts Transition metal 50 
Glutaraldehyde Carbonyl 172 
Transition metal salts Transition metal 5, 41. 185 
Glutaraldehyde Carbonyl 125, 143, 144 
180, 202 
Thiophosgene Isothiocyaaato 49 
Nitrous acid Diazonium 125, 202 
Glutaraldehyde Carbonyl 76 
Transition metal salts Transition metal 50,76 
Glutaraldehyde Carbonyl 76 
Glutaraldehyde Carbonyl 172 
Table 5 (continued) 
Parent carrier 
Nylon 
Nylon 
Phenylene diamine and glutaraldehyde copolymer 
Poliodal-4 
Sephadex 
Se ph arose 
Silica, aminoalkyl derivative 
Silica gel, aminoalkyl derivative 
Silica glass, aminoaryl derivative 
Silochrome 
Silochrome,aminoalkyl derivative 
Yeast cell 
3 0 b  
Activation agent active end group , Bef. 
Glutaraldehyde Carbonyl 73 
Transition metal salts Transition metal 5, 41 
Nitrous acid Diazonium 95 
None fllkyl iodide 15 
Cyanogen bromide Imidocarbonate 171 
Cyanogen bromide Imidocarbonate 55, 97 
Glutaraldehyde Carbonyl 108 
Glutaraldehyde Carbonyl 99 
Nitrous acid Diazonium 101 
Transition metal salts Transition metal 185 
Glutaraldehyde Carbonyl 142, 143 
Transition metal salts Transition metal 41, 71 
31 
containing 0,5 mol hexyl-group per mol of galactose. Although 
the product «as not so thermally stable as soluble enzyme, its 
retention of activity was higher than 68%. 
Some of the carriers do not require any activation 
procedures. Anhydride or oxirane groups of copolymers (93, 94, 
199) readily fcrm amide bonds with enzymes. The alkyl halides 
of halogen acetyl cellulose (117) or policdal (15) are very 
activa in alkylating enzymes. 
The most versatile method of all is to use the salts of 
tin, zirconium, vanadium, or similar metals. Although the 
exact nature of binding via metal bridges is not known, very 
active and stable immobilized glucoamylase was obtained with 
many carriers, including cellulose, glass, nylon, and living 
cells (5, 41, 71). Recently Kennedy and Epton (82) extended 
this method further to the specially prepared polymer 
polysalicylie acid. 
Seme authors modified glucoamylase prior to 
immobilization. As mentioned earlier, Solomon and Levin (171) 
attached the enzyme to water-soluble polyanionic polymer before 
it was adsorbed on cationic resins. Jaworek (74) reported 
alkylated glucoamylase which was copolymerizsd into crosslinked 
polyacrylamide to form stable and active immobilized 
glucoamylase. Knowing that glucoamylase is a glycoprotein. 
Both et al. (166) oxidized the enzyme with periodate and then 
attempted to couple the resulting carbonyl groups to 
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CH-cailulose hydrazide. They were not successful because the 
enzyme deactivated as a result of oxidation. 
Combinations of two or more methods have been also 
reported. Olscn and Stanley (147, 174) used 
phenol-formaldehyde resin to adsorb or covalently bind 
glucoamylase. They then treated it with glutaraldehyde which 
crosslinked the adsorbed glucoamylase. The combination of 
adsorption followed by inter molecular crosslinking was also 
used by Solomon and Levin (173), who found increased stability 
on treating the adsorbed glucoamylase with glutaraldehyde. 
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II. THEOPY 
A. Activity 
One of th«? simplest reactions catalyzed by enzymes is the 
irreversible conversion of substrate A into product P by two 
steps, 
A + E  X F  * E  (2.1) 
where X is an intermediate. Under the assumption that the 
enzyme is present in a relatively small concentration, that is, 
e^,<0.01, the steady state assumption can be introduced to 
give the famed Hiehaelis-Henten equation (69, 111): 
-J = ^ ^ (2.2) 
where ^ (2.3a) 
A, f k. 
= .:L_L_2L (2.3b) 
Equation (2.2) also describes the initial rate of 
reversible enzymatic reactions when the conversion is 
negligible, It was also shown that the nuaber of intermediates 
is immaterial to the functional form of equation (2.2) (155). 
Rearrangement of equation (2.2) gives 
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(-4,) c* 
{2.4a) 
or ('3a) 
J, = X. - (2.4b) 
Equation (2.4a) suggests that a double reciprocal plot of 
V(-g^) vs. 1/C^, the Lineweaver-Burk plot (113), yields a 
straight line with slope K^/V^ and intercept 1/V^ on the 
V(-g^) axis. Therefore, from the slope and intercept the 
reaction parameters and the maximum velocity and 
Michaelis constant, respectively, can be calculated. 
Similarly, if (-g^ ) is plotted against (-g^) /C^ as suggested by 
equation (2.4b) (called the Eadie-Hofstee plot), and are 
obtained as intercept and slope, respectively. The advantage 
of this plot is that it spreads more evenly data points 
The reaction parameters, however, depend on many factors, 
namely temperature. pH, ionic strength, and dielectric 
constant. These factors require stricter control than in the 
case of ordinary chemical reactions, since enzymes are 
particularly sensitive to their environment, and readily 
undergo subtle changes in structure which lead to an alteration 
in activity and kinetic properties. They also influence 
enzymic activity in a direct way by altering the ionization of 
groups involved in substrate binding or catalytic activity of 
otherwise clustered near the origin 
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the reactive site. 
Instead of finding the reaction parameters, many authors 
have reported the effects of temperature and pH on the rates of 
enzyaic reactions as bell-shaped curves of activity vs. 
temperature or pH profile. The temperature and pH where 
maximum activity was observed ware called «optimum temperature' 
and 'optimum pH,' respectively, and erroneously regarded as 
characteristic guantities of an enzyme. They are, as is 
readily obvious from equation (2.2), ill-defined and dependent 
on the degree of substrate saturation. As the substrate 
concentration increases, equation (2.2) shifts from a first 
order to zero order rate equation, i.e.: 
(t^a) 
= ^<^0 Çi , Ca«K^ (2.5a) 
(2.5b) 
= .-Jl. = *'*1 (2.6a) 
(2.6b) 
The rate constants and are two different functions of pH 
and temperature, as will be discussed. 
Temperature effects on enzymic activity are usually 
presented in an Arrhenius plot, where logarithmic activity is 
plotted against inverse absolute temperature. The assumption 
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of the Arrhenius law for each reaction step in reaction (2.1) 
leads to 
-oLJUk^ + 
oi ( '/t) 
for C^<<K^f and 
~d. Âfi 
(2.7a) 
(2.7b) 
for C^>>K^. E, ; E_, t and defined in the same way as 
equations (2.7a,b), are activation energies associated with the 
reaction constants k,, k^j , and k^, respectively. In general 
4 
'ohs - (2.8) 
I f 
which points out that the observed activation energy, E^^^ , is 
a weighted average of and and depends on substrate 
concentration. In addition complications do occur due to the 
thermal inactivation of enzymes, A very simple model: 
+ £ X -> f + 5 
(2.9) 
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which assumes rapid equilibrium reactions for thermal 
inactivation, can explain the bell-shaped activity vs. 
temperature profile. The steady state assumption along with 
van't Hoff's relation between the equilibrium constants, K and 
K«, and their corresponding enthalpy changes, AH and AH', gives 
rise to 
K 
/ •/• /c 
and 
^i.> = r 
I i" K 
where ^ and E^ ^  denote activation energies as affected by 
the inactivaticn of enzymes. Therefore, the observed 
activation energies decrease at higher temperatures by the 
amount ascribable to thermal inactivation. The intrinsic 
activation energies, and E^, are obtained only at low 
temperatures and extreme substrate concentrations, which have 
not been carefully employed by most researchers. 
The effect of pH on activity has baan studied to elucidate 
the active site of the enzyme. Hiromi et al. (70) successfully 
explained the effect of pH on hydrolysis of maltose and panose 
by glucoasylase of Bh. delemar with the following kinetic 
model: 
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EH, 
f^ei 
Z "V ± EH 
li 
'•CZ 
£H,A 
K 
± B 
Z "f EHA :. 
1'* 
B H  +  P  
Kill v> 
5A ( 2 . 1 1 )  
where the horizontal and the vertical arrows indicate the 
association and dissociation of hydrogen ion, H+, and 
substrate. A, respectively. 
Steady state treatment of the model (2.11) yields equation 
(2.2) with 
/ 
K. = 
/ f 
IH*') 
\s, 
{ H )  
/ T 
/C 
«/ 
^eSi 
(h") 
M 
/ f 
^es, {H') 
(2.12a) 
(2.12b) 
and 
& - & 
(//") 
(2.12c) 
where V^, K®, and k° are pH-independent rate constants (70, 
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102). Equations (2.12a) and (2.12c) suggest that at extreme 
values of pH the plots of log and log vs. pH become 
linear with slope ±1. Shapes of such plots depend on the 
ionization constants, and in general log vs. pH and log k^ 
vs. pH have distinct shapes. For example, mutarotase has an 
optimum pH at high substrate concentrations, but its activity 
levels off to a constant value in the alkaline range at low 
substrate concentrations (72). 
Any attempts to identify catalytic amino acids from the 
ionization constants determined from the above plots should be 
made very carefully, since the ionization is greatly affected 
by neighboring groups. Interpretation of such data is on much 
firmer ground if the heats of ionization are measured. Even 
though the ionization constants may change by a hundredfold 
with proteins, the heat of ionization remains fairly constant 
and is therefore characteristic of the ionizing group (39). 
Also, variation of dielectric constant differentiates carboxyl 
group from amine or imidazole group (39) a Such studies were 
made by Hiromi et al. (70), who found that two carboxyl groups 
were involved in the catalytic action of glucoamylase. More 
supporting evidence comes from Gray and Jollsy (59)^ They 
studied the role of carboxylic acid groups in glucoamylase 
activity through modifications of the groups with glycine 
methyl ester and its resulting effects on activity. Their 
finding was that two or three carboxylic groups were directly 
1 0  
related to activity and that 36 such groups indirectly affected 
through conformational change. 
Once an enzyme is immobilized onto a solid (or porous) 
carrier, its catalytic mechanism would follow the one general 
to surface catalysis. Surface catalysis is usually described 
by the Langmuir-Hinshelaood equation (215) formally similar to 
the Hichaalis-Menten equation. Therefore, it is natural to 
assume that an immobilized enzyme still follows the 
Michaelis-Menten equation, which was proved true with 
immobilized glucoamylase acting on maltose (125, 136) and with 
trypsin (51) . 
Instead of equation (2.2), an appropriate intrinsic 
equation for an immobilized enzyme reaction is 
Since with porous carriers most of the catalytic surface is in 
the interior, the substrate has to diffuse thereto from the 
bulk reaction solution. Therefore, intuitively it is obvious 
that the intrinsic equation (2.13) is disguised by several 
different types of physical rates (209); interparticle 
dispersion, interphase transport, and intraparticle diffusion» 
Fig. 2.1 illustrates schematically such physical disguises. 
Hathamatically, such a disguise is explained by setting up a 
continuity equation (45) for substrate A: 
A 
^ \ Volume 
(2.13) 
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REAL or DISGUISED? 
1 ) Free Enzyme 
E + A 
I 
EA 
E + P 
Y 
Ef 
) Immobilized Enzyme 
CONVECTION 
INTRAPARTICLE 
DiFrUSiON 
& 
REACTION 
Fig. 2.1. Disguised kinetics of immobilized enzymes. 
(2.14) 
with o )  =0 (2.15a) 
(2.15b) 
Equations (2.14) and (2.15) are based upon the assumptions that 
a steady state prevails, that convection is negligible within 
the matrix, that effective diffusivity is invariant within 
the immobilized enzyme matrix, that the matrix is isothermal 
and assumes symmetry with x being the distance from the point, 
line, or plane of symmetry, and that the exterior surface of 
the matrix is uniformly accessible to the substrate with the 
lumped parameter constant over the surface. Also p=1, 2, or 
3 when the particle is flat, cylindrical, or spherical, 
respectively, and so it can be regarded as a «shape factor' for 
the particle. Equations (2.14) and (2.15) are made 
dimensicnless to give 
( 2 . 1 6 )  
E.C C (o) = O (2.17a) 
where 
A = i  ^  ,  N u ,  
C, 
k ^ l  
(2.18d,e) 
Nu depends on the hydrodynaoic conditions near catalyst 
particles, and increases with Be (78) . At a sufficiently high 
Be, Nu will be sufficiently high so that C(1)A/1, Then 
interphase transport effects become negligible and the boundary 
condition (2,17b) is replaced by 
In engineering work it is desirable to express the total 
reaction rate in a catalyst pellet in terms of surface (or 
bulk) conditions. For this reason, the effect of the 
a single quantity, the effectiveness factor. For the case of a 
single reaction occurring in the particle, the effectiveness 
factor is defined (157) as: 
C C D  =  I  (2.17b') 
concentration profils sithin the particle is incorporated into 
r  
(2.19a) 
K, 3JCJ p A ^  AS 
or 
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I''-
f  \  d x  
C = — (2.19b) 
Use of equations (2.13) and (2,18) reduces equation (2.19b) to 
/ f  d c  
2  1 . 7  ( 2 . 2 0 )  
a; 
To evaluate the effectiveness factor of equation (2.20), the 
nonlinear equation (2.16) subject to boundary conditions 
(2.17a) and (2.17b') should be solved. For special cases when 
X-^0 and K-^oOf the resulting expressions for the effectiveness 
factor correspond to those for the zero and first order 
reactions, respectively, which were obtained by Thiele in his 
pioneering work (182) and Heekman and Gorring (201) . Hoo-ïoung 
and Kobayashi (139) used an average, weighted with ic, of these 
expressions to approximate the effectiveness factor for 
A 
intermediate values of K. Although numerical solutions are 
available (65, 124, 137), analytic, most often asymptotic, 
solutions wherever possible are always desirable. Such 
asymptotic solutions when h„-»0 and h„-»eo are given in 
appendix A, equations (6.34a,b), and their substitutions into 
the definition of effectiveness factor, equation (2.20), result 
in 
P  K  
f( j * k )  
Af f OCA, (2.21a) 
JC)^/" xiw. ^ ^ -1 ^ ^ A.—><=" (2,21b) 
where 
and the relation 
L= f 
14 
% «V. 
^ \  Ao J J ^  
( 2 . 2 2 )  
(2.23) 
is used. The order symbol 0 in equation (2.21) is defined by 
the convention (31) that 
f (^) -  J € —*" o (2.24a) 
if 
Minn. 
£ - ^ 0  
/(e; 
jCe) 
< oo (2.24b) 
Equation (2.21b) suggests that the asymptotic solution 
when h—^co is independent of the shape factor p of the 
particles. This result is due to the fact that the zeroth 
order equation as h-^co, equation (6.25), does not contain the 
shape factor. Physically, as h-^<30, the concentration boundary 
layer becomes more localized at the outer surface of the 
catalyst, yielding kinetics characteristic of a flat surface 
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for all shapes. Although the general techniques in Appendix A 
were not used, physical arguments were set up by several 
authors (11, 157) to derive the asymptotic solution (2.21b). 
Defining a modified Thiele modulus <p ^  by 
V/r (2.25) 
f,3C 
( i - i - i )  I - K J U  l  +  K  
K  
which is similar to the modulus M of Bischoff (11) , equation 
(2.21) can be rewritten as 
6 
/ — 
F i - Z  
-f- Oi 
to 4 V 
(2.26a) 
(2.26b) 
Comparisons are made in Fig. 2.2a of £ vs. between 
numerical and asymptotic solutions (2.26) for equations (2.16) 
and (2.17a,b*). An important point to be made in the Figure is 
that the asymptotic solutions, equations (2.26a) and (2.26b), 
are within 10% of the exact solutions for (pp^<0.5 and % >3, 
respectively. Three regions can be differentiated from one 
another. The region where <^>0.95 (arbitrarily chosen) is that 
of nearly pure kinetic control. Using equation (2,26a) this 
kinetic controlled region can also be identified through the 
0.01 
1 -
PARAAAETER 
ASYMPTOTIC SOLUTIONS 
EQUATIONS (2.26a,b) 
NUMERICAL SOLUTIONS 
O.OI 
0.1 100 
^P.K 
Fig. 2.2a. Effectiveness factor vs. the modulus ^^{P=3). 
H Q  
use of 
0 .  o S ( F * Z )  
(2,27) 
Then as K-^Q, the RHS of inequality (2.27) becomes unbound, 
which is not physically admissible. This results from a 
characteristic of the zeroth order reaction rate approximated 
/V 
as X-»0. Such a case was analyzed by several authors (201, 
20 8) and their results can be generalized such that the system 
is kinetically controlled if 
é #0 ( 2 . 2 8 )  
where 
( p  S  ' Pa. '  — ,  
7,0 Y,X y2. 
' • —)/-
J J e^A 
(2.29) 
Therefore, a general criterion for the region of kinetic 
control is that in such a region 
Y,X 
0 . 0  ^ ( p * z )  I  
/ - h k  
A 
X J 
t  
(2.30) 
On the other hand, if ^ a. >3, the system is under essentially 
AX. 
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pure diffusion control. In the inbetween region the overall 
behavior is affected by both diffusion and reaction rates. 
The use of the modulus as a criterion for the 
presence of diffusion effects is limited to the extent of the 
availability of precise intrinsic constants. Accordingly, it 
is much more valuable to have another modulus expressed in 
terms of 'observable' quantities, that is, observed reaction 
rate, > and substrate concentration on catalyst 
surface, . Such a modulus, the internal observable (23), 
can be defined by (168): 
which is related to ^ 
r>^ 
m ^As 
(2.31) 
r  , i n  
tic = : — ' L â  
/ . r A V» \ 
In terms of $ or q , the following criteria are derived from 
r K  ^  
the foregoing arguments: 
i) The system is kinetically controlled, if 
$ £ /1m 
? 
(o.oS)(FirZ)0-i'k) Z I 
; , — (2.33) 
p K  P  
5 0  
ii) The system is diffusion-controlled, if 
i f  a ^ ^ 12-3*1 
iii) The system is in an intermediate region, if neither 
of (2.33) nor (2.34) is satisfied. 
The definition of the internal observable in equation (2.31) 
and its relationship with effectiveness factor in equation 
(2,3 2) suggest that a plot of (5 vs. similar to that of the 
£. vs. plot (Fig. 2.2a) be made. The ô vs. plot 
(Fig. 2.2b) allows the calculation of effectiveness factor from 
observable quantities if the value of K is available. 
To compare the moduli with those used in the literature, 
it is helpful to note from equation (2.25) that 
The moduli ^^ and correspond to those for zeroth and 
first order reaction, respectively, as used by Petersen (157), 
They are, however, different by constant factors from those 
used by others (125, 168, 208) . 
If the system is diffusion controlled^ the intrinsic rate 
is disguised as 
(2.36) 
1 
0.1 
0.01 
0 TOO 
Fi g. 2» 2b. Effectiveness factor vs. the modulus (p-3) « 
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which leads to two limiting forms: 
f  
i  F>o 
Y,w 
Therefore, at saturating substrate concentrations. 
(2.37a) 
(2.37b) 
(2,38) 
and at low concentrations 
(2.39) 
The activity of immobilized enzymes where diffusion is 
liffiitinq may be summarizeu by the following; 
i) The reaction order is changed from zero to half at 
saturating substrate concentrations. At lov 
concentrations the order remains first order, 
ii) Apparent activation energy is just half of the true 
activation energy at either limiting concentration, 
iii) Apparent slopes in the plots of logarithmic activity 
vs. pH are half of the true slopes (±1) at extreme 
values of pH. This is evident from equation (2.12) 
and the arguments that follow. 
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iv) The activity is inversely proportional to the 
characteristic size of catalyst particles. 
The first two characteristics are common to heterogeneous 
catalysts. Rajadhyaksha and Doraiswamy (161) recently reviewed 
in detail their roles in discerning the controlling regimes. 
The third characteristic, unlike the others, is unique to 
immobilized enzymes and has not been reported in the 
literature, 
B. Stability 
Stability of an immobilized enzyme may be affected by 
several factors. First, the carrier itself may not be 
mechanically, chemically, or biologically stable. If so, it 
tends to be compacted, or its pore structure changes eith use, 
or it is subject to microbial attack, secondly, the activity 
loss may result from physical loss of enzyme from carrier by 
desorption or rupture of immobilizing bonds. Thirdly, a 
greater part of the loss may be due to inactivation of enzyme, 
which is caused by high temperature, extreme pH, shear, or 
impurities. All these factors, although cited in the 
literature, only qualitatively explain the loss of activity in 
immobilized enzymes. 
The first factor is directly related to the selection and 
modification of carriers. For example, cellulose is rich in 
carbon, while a protein carrier such as collagen has plenty of 
carbon and nitrogen. Therefore, these carriers could be 
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nutritional sources for microbial growth (132, 134). Ion 
exchange resins, such as DEAE-cellulose, can shrink at high 
flow rates or at high ionic strength. Heetall and Havewala 
(202) observed increasing pore volumes in controlled pore 
glass, which led them to coat it with zirconia. Therefore, 
although inorganic carriers are in general superior to organic 
ones for engineering use, it is imperative that exhaustive 
tests be performed to evaluate the carrier under simulated 
conditions. Such a test was done with controlled-pore ceramics 
by Eaton (38). He found that controlled-pore glass, when 
coated with more than 4% zirconium film, was diaensionally 
stable at pH's above 7,0. 
Weetall et al. (203) calculated shearing forces generated 
in an immobilized enzyme column to compare them with the energy 
of the coupling bonds. From such comparisons they concluded 
that the possibility of losing enzyme by rupture of the 
CO valent bonds between enzyme and carrier was extremely 
unlikely. It is still unknown how glutaraldehyde functions as 
a linking agent (217), except that it is thought to form Schiff 
bases. Since the bases in general are subject to acidic or 
alkaline hydrolysis, their double bonds may be reduced with 
sodium borohydride. Therefore, the second factor for the 
activity loss, physical loss of enzyme, may be insignificant or 
avoidable with covalent bonding. 
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The term 'stability' as used in the literature, is mostly 
asscciated with denaturation of enzymes. The stability is 
usually tested by incubating a suspension of immobilized enzyme 
or the soluble free enzyme at a certain temperature or pH and 
then measuring the decrease in activity with time, and so is 
termed 'thermal stability' or 'pH stability'. However, the 
effects of pH and temperature are not separable, and many 
enzymes, for example, glucose isomerase (52) and lactate 
dehydrogenase (178) , are protected by their substrates against 
inactivation. Therefore, a more relevant engineering parameter 
is 'operational stability,' that is, the ability of enzymes to 
retain their activity under sustained operation, 
1. Deactivation of soluble enzymes 
Such descriptive terms as "conformational adaptability" 
(29) and "conformative response" (181) were suggested to 
emphasize a widely-accepted fact that the binding of specific 
ligands (substrates, cofactors, etc.) may induce conformational 
changes in enzymes. These changes are often responsible for 
the activation or deactivation of the enzymes. The 
ligand-induced conformational change and its resulting effect 
on the deactivation of enzyme were extensively reviewed by 
Grisolia (63) and Citri (29) , 
In this section, the effects of substrate on the stability 
of enzyme will be discussed. Reiner (163) vas the first to 
deal with them mathematically, and the following derivation 
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parallels his with some changes in notation. He considered the 
scheme: 
E + A -v IEA > £ + P 
-» 
(2.40) 
& + A 
yhere is deactivated enzyme. If it is assumed that the 
deactivation processes are very slow compared to the main 
reactions and that pseudo-steady state prevails, then 
C£A) (2.41) 
"•At 
where is the Michaelis constant as defined in equation 
(2.3b), K^= (k., + k^)/k,. The conservation equation for 
enzyme is 
where 
(^)o = (O +(£<*)  
C e j  =  ( £ ) • > •  ( £ A )  
(2.42a) 
- i ^ )  I t (2.42b) 
The model (2.40) can be described by 
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K^k 
= —'(EJ (2.M) 
ana «((D , r , , , 
= k ^ U e )  +  S ( £ A ) ]  
dt 
= k . H ^ . O C e j  (2.W) 
where 
/(«F, C^)= — |2.«5| 
The function f(^fC^) describes the effects of substrate on 
enzyme deactivation. To be noted is that f(^,0)=1 and 
t{S, 00) =S. Also the effects of S are evident, viz., 
i) if J=1, f(<^,C^)=1 and the substrate has no effect on 
enzyme stability, 
ii) if S<^t f(^,C^)<1 and the substrate protects the 
enzyme against deactivation, and 
iii) if S>^0 f(é"^C^)>1 and the enzyme is less stable in 
the presence of substrate. 
Although the increase of enzyme stability by substrates is 
widely employed when enzymes are being purified, the phenosenon 
of substrate-induced labilization is less common. According to 
Reiner (163), the latter case should happen "fay some freak." 
Ho Hever, citri was surprised to find how often this striking 
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phenomenon had gone unnoticed (29), and Grisoiia (63) devoted 
his review article almost entirely to a discussion of 
substrate-induced enzyme deactivation. 
In a single substrate system, the constants in equation 
(2.44) are hard to determine experimentally since the 
deactivated form of enzyme, E^, is not readily measurable. 
Seiner (163) suggested one way to determine the constants, 
which involves a graphical differentiation of the vs. t 
curve. On the other hand, for aultisubstrate systems, each 
substrate can fce singled out to study its effect on stability, 
and Sudi (178) discussed how to determine the constants 
experimentally. 
2. Deactivation of immobilized enzymes 
In an immobilized enzyme, the intraparticle profile of 
substrate concentration influences the degree of protection or 
labilization by substrate. Under the assumption that the 
deactivation of enzyme is very slow compared to diffusion and 
main reaction of substrate, quasi-steady state analysis can be 
invoked to give 
L r"3 '  A 
and 
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= (2.47) 
at L+C 
where E^is the active enzyme concentration per unit volume of 
carrier. Equations (2.46) and (2.47) are subject to the 
following boundary conditions: 
2 C 
^ 0) = o f o r  J l  t  (2,48a) 
a % 
^  ^  ~  f o r  a l l  t  (2.48b) 
Ki = ÉL T&r % (2.48c) 
Uniform distribution of enzyme is assumed in boundary condition 
(2.48c), Equations (2.46) to (2.48) are reduced to 
diaensionless forms to give 
a  / è C  \  2 C  
I® T i l  ' T ^ '  
a e k + Sc 
e (2.50) 
B.c. 
<? r 
g C* 
(  f, o) = O for  J l  t  (2. 51a) 
d  f  
C ( r, / J = j all Z (2.51b) 
6 0  
6 .  ( o ^ x )  -  I  f o r  c u l l  X  (2,51c) 
«here ^ ~ (2.52a) 
e = / Eg {2,52b) 
Therefore, the profiles of substrate concentration and active 
enzyme at any time are predetermined by three parameters, hp, 
X, and <r. The first parameter is the measure of intraparticle 
diffusion limitation, as discussed in detail in Section II.A. 
It was also shown in the section that such diffusion resistance 
was better represented by a modified modulus ^defined by 
equation (2,25). The second parameter varies with the degree 
of substrate saturation, while the third one reflects the 
degree of protection by substrate against enzyme deactivation, 
as discussed in the previous section. 
Equations (2.49) to (2.51), although not suggested in the 
iiteratura on immobilized enzymes, are formally similas to 
those describing the fouling of heterogeneous catalysts. 
Therefore, it seems appropriate to digress to briefly review 
the deactivation of heterogeneous catalysts. This subject was 
dealt with comprehensively in a recent review by Butt (18), 
Much of the interest was in the phenomenological description of 
a single catalyst particle when its activity decreases with 
time on stream. The decrease in activity is often due to 
independent or side reactions reducing the active site for the 
main reaction fcy adsorption of some substances. Such 
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substances may be the same reactants or products of the main 
reaction, so the process is then called parallel or series 
fouling/ respectively. The adsorbed material could also be 
impurities in the feed, such process being called independent 
fouling or poisoning. Masamune and Smith (127) were the first 
to treat the three fouling processes in terms of a particle 
effectiveness factor as a function of time and a Thiele 
modulus. The limiting assumptions in their treatment were 
isothermal conditions within the particle, first-order kinetics 
for the main reaction, and a deactivation rate dependent 
bilinearly on the concentration of poison and active sites* 
The time necessary to reach steady state within the particle 
was assumed negligible compared to the time for deactivation, 
so that quasi-steady state analysis could be applicable. 
The analysis of Hasamuns and Smith was extended to 
nonisothermal particles by Sagara et al. (167), and to 
Langmuir-Hinshelwood kinetics by Chu (28). Chu, although he 
used a general rate form for the deactivation process, 
considered only two values of the intraparticle diffusion 
parameter (h in his work) and therefore made it difficult to 
isolate the effects of diffusion resistance and adsorption 
parameters. The quasi-steady assumption of Hasamune and Smith 
was relieved by Murakami et al, (140), who included 
deactivation kinetics and a transient term in the mass 
conservation equations. Recently Kara et al, (77) considered 
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processas where the main reaction obeyed Langmuir-Hinshelwood 
kinetics and the fouling was first order. They determined the 
effects of combined parallel and series fouling, depending upon 
the relative magnitudes of rate constants for the individual 
processes. A rate equation specific for alcohol dehydration 
over alumina was used, although the rate constants were not 
provided in their work. 
The model described by equations (2.49) to (2,51) , 
although formulated for immobilized enzymes, is directly 
applicable to the deactivation of heterogeneous catalysts. For 
example, the case of <^>1 corresponds to that of parallel 
fouling. The solution for the equations (2.49) to (2.51) with 
parameters h^, X, and S is therefore applicable to determine 
the isolated effects of the parameters on the deactivation of 
heterogeneous catalysts as well as immobilized enzymes. 
Equations (2.49) to (2.51) were solved for C(r,%) and 
¥(r,X) using the orthogonal collocation method (197) for the 
boundary value problems of (2.49) and (2.51a,b) and the 
modified 3uler method (103) for the initial value problems, 
(2.50) and (2.51c). The orthogonal collocation method, which 
is a rather new technique finding increasing popularity among 
theoretical chemical engineers, is explained in Appendix B with 
necessary computer programs listed in Appendices C, D, and E. 
For convenience in presenting the numerical results, two 
relative functions are introduced. Noting that the activity of 
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each particle, Ri(r), is given by r 
4^ + 
O  
U C i ^ A /*-/ 
= / — e ? "if (2.53) 
/ X f c 
o  
the relative activity accounting for both diffusion resistance 
and decay with time can be defined by a relative effectiveness 
factor, 
a* (c; 
£/: = (2.5») 
" «0 ce; 
where 
/ 
^ ^ ! • I • C d.K a  6  "  /  f  ^  /  
^ p f I fn") S k ^ ! j 
J  K * l  
0 
A A P 
k ,  B ,  L  I  
P / + jt 
(2.55) 
which is the activity at T=0 if the interior of catalyst 
particle were uniformly available for the reaction. The other 
function to be introduced is the relative activity defined by 
6U 
RAiz) = (2.56) 
which is simply the ratio of present activity to the initial 
activity. From the definitions of {2,54) and (2.56), the two 
functions are interrelated by 
Co) (2.57) 
where E as defined by equation {2.19) is the effectiveness 
factor at C=0, or £(0) =E^(0)(0) . 
Qualitatively, as time proceeds, the intraparticle 
concentration gradient will level off so that the 
concentrât ion-dependant part of the integrand in equation 
(2.53) will increase, while e decreases due to deactivation. 
Therefore, (r) is expected to be dependent upon the degree of 
diffQsion resistance, 9^, %' ths parameters X and d, which 
affect the rate of deactivation. 
In the following, the effects of substrate are discussed 
according to the values of «T. 
a. Equation (2.50) can be integrated independently 
of equation (2.49) to give 
e :: exp (-r) (2.58) 
and a limiting solution for equation (2.49) is available from 
the previous Section II.A. Recalling from equation (2.36) that 
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when the system is diffusion controlled 
ocJ\ e  (2.59) 
the apparent deactivation constant becomes one-half of the true 
deactivation constant since from equation (2,58) and (2.59) 
Therefore, if the system is diffusion controlled, the apparent 
life of an immobilized enzyme is extended by a factor of 2. 
Although the same conclusion was drawn for a first-order 
reaction system by Ollis (146) , it is obvious from equation 
(2,59) that the conclusion is a general characteristic of 
immobilized enzymes which are catalyzing diffusion controlled 
reactions and whose deactivation proceeds independently of 
substrate. Korus and O'Driscoll (90) argued that for the same 
system the stability could be enhanced by a factor greater than 
2. This argument is not in agreement with the foregoing 
analysis and their error was later acknowledged by them (91), 
Numerical results ar« shown in Figs. 2.3 to 2.6. Fig, 2.3 
illustrates the effects of diffusion resistance on EF^ for 
X=0=1 and 10^ The effects of K are minimal, while slower 
apparent deactivation is seen with an increasing degree of 
diffusion limitation. 
The decay in activity with varying degrees of diffusion 
resistance is tetter represented in Figs, 2.U to 2.6. Decays 
( 2 . 6 0 )  
Fig. 2.3. Effect of pore diffusion and substrate 
concentration on immobilized enzyme activity and 
apparent decay when substrate neither labilizes 
nor protects the enzyme. 
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Fig. 2*4. Effect of pore diffusion on apparent immobilized 
enzyme decay when bulk substrate concentration 
is high and substrate neither labilizes nor 
protects the enzyme. 
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Fig. 2.5. Effect of pore diffusion on apparent immobilized 
enzyme decay when bulk substrate concentration 
is intermediate and substrate neither labilizes 
nor protects the enzyme. 
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Fig. 2.6. Effect of pore diffusion on apparent immobilized 
enzyme decay ahan bulk substrate concentration 
is low and substrate neither labilizes nor 
protects the enzyme. 
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at extreme values of 0 and -> co, equivalent to 
equations (2.58) and (2.60), are shown by the dotted lines. 
Curved lines result for intermsdiatr degrees of diffusion 
resistance. After extended exposure, the intraparticle 
substrate concentration profile becomes flat, so that the 
intraparticle diffusion resistance is negligible. Then the 
deactivation will proceed as if ^ ^ 0 and each curve will bp 
parallel to the lower dotted line. 
b. J<1 Since the enzyme is protected by its substrate 
against deactivation, its lifn is longer at lower values of X, 
where substrate concentration is higher. This is illustrated 
in Figs, 2.7 to 2.9 wher. <^=0. For large values of K, the 
function approaches unity, so that the protective 
effects of substrate are not pronouncrd. Therefore, the case 
of S = 0 and X=10 (Fig. 2.7) is very similar to that of and 
K=10 (Fig. 2.3). When. X is high, the immobilized enzyme 
appears to deactivate more slowly as ^ g is Increased, as 
shown in Figs. 2.7 and 2.8. Also, at any time of operation, 
the immobilized enzyme with initially a lesser degree of 
diffusion limitation is more active than the one with higher 
diffusion resistance. 
Decay curves are shown in Figs. 2.10 to 2.12. Again, ?s 
in the case cf <^"=1, the plots become curved for intermediate 
degrees of diffusion limitation. 
Fig* 2 o 7 „  Effect of pore diffusion on apparent immobilized 
enzyme activity and apparent decay when bulk 
substrate concentration is low and substrate 
protects the enzyme. 
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Fig. 2.8. Effect cf pore diffusion on apparent immobilized 
enzyme activity and apparent decay when bulk 
substrate concentration is intermediate and 
substrate protects the enzyme. 
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Fig. 2.9. Effect cf pore diffusion on apparent immobilized 
enzyme activity and apparent decay when bulk 
substrate concentration is high and substrats 
protects the enzyme. 
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2.10. Effect of pore diffusion on apparent immobilized 
enzyme decay when bulk substrate concentration 
is low and substrate protects the enzyme. 
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Fig. 2e11. Effect cf pore diffusion on apparent immobilized 
enzyme decay when bulk substrate concentration 
is intermediate and substrata protects the 
enzyme. 
1 
0.8 
0 .6  
H 
g 
>-*' 0.4 
l-H 
b 
«c 
2 
LU 0.2 
K = 0 
6 = 0 
0.1 j 
t  
J . O  
• 2 . 0  
3.0 
1.5 
2.5 
.1 
. 0  
10 
'P,K 
Fig. 2.12. Effect cf pore diffusion oa apparent immobilized 
enzyme decay when bulk substrate concentration 
is high and substrate protects the enzyme. 
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For small values of X and S,  the enzyme hardly deactivates 
unless the concentration of its substrate drops to zero. Figs. 
2.9 and 2.12 illustrate the case of «^=0 and K=0.1. Although 
the conclusion drawn for higher values of X, that the 
immobilized enzyme with lesser ^ maintains higher activity, 
is still valid, the stability behavior illustrated in Fig. 2.12 
is unexpected. It shows that there exists an intermediate 
value of where the immobilized enzyme is least stable. If 
f'pti very small, the immobilized enzyme is certainly very 
stable, since all enzyme within is uniformly protected at the 
bulk substrate concentration. On the other hand, for large 
values of ^ ^, the activity of the immobilized enzyme is 
largely localized in the outer layer of the particle where 
substrate concentration is high. Therefore, the particle with 
a large value of . g. appears quite stable despite the rapidly 
r / ^  
decaying enzyme toward the center of the particle. However, 
for intermediate values of g., the activity is dependent upon 
r » ^  
the active enzyme distributed throughout the whole particle. 
The enzyme near the center of particle deactivate quickly so 
that a faster decay in activity is observed at these values of 
ç .  The effect of ^ on the activity and 
stability of immobilized enzyme is shown in Fig. 2.13 for /=25 
and X='iO. The difference between this case and other previous 
cases of S (Figs. 2.3 and 2.7 to 2.9) is sharp. Fig. 2.13 
Fig. 2. 13. Effect of pore diffusion on immobilized enzyme 
activity and apparent decay when bulk substrate 
concentration is very high and substrate 
labilizes the enzyme. 
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indicates that at shorter exposure times maximum activity is 
attained with minimum 4> ^ , while after long exposure the more Ff ^ 
severely diffusion-limited particle may be actually the more 
active. For small values of 4'a 0 * deactivation occurs 
uniformly throughout the particle. For other values of ^ , 
r >  ^  
deactivation is faster near the surface where the substrate 
concentration is higher. As time proceeds, the intraparticle 
concentration gradient becomes less sharp and the less 
deactivated enzyme in the interior becomes available to 
compensate for the loss of activity near the surface. This 
results in slower deactivation at higher values of p than 
for smaller values. 
Relative activity vs. time plots are presented in Figs. 
2.1% and 2.15 for x=10 and 1, respectively. Each of the curves 
at high values of ^ is characterized by three segments. All 
r/K 
the particles without respect to their magnitude of % 
deactivate eventually to the extent that diffusion is no longer 
limiting, because of very low concentration of active enzyme. 
At that time, the deactivation curve becomes a straight line 
parallel to that for small values oi (f>  ^ . At large values of F J X 
s t hw activity of ths partiels xs mxtxally located a 
small region near the surface subject to faster deactivation, 
because substrate does not penetrate far into the particle. 
Therefore, during the initial period, the relative activity 
drops guickly for the particle with higher values of j . 
Fig. 2. 14, Effect of pore diffusion on apparent immobilized 
enzyme decay when bulk substrate concentration 
is high and substrate labilizes the enzyme. 
RELATIVE ACTIVITY, RA(t )  
Fig. 2.15. Effect cf pore diffusion on apparent immobilized 
enzyme decay when bulk substrate concentration 
is intermediate and substrate labilizes the 
enzyme. 
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Following this period, substrat«> will diffuse through th«a 
deactivated layer near th$* surface to the inner part of the 
particle where the residual activity of enzyme is still high. 
Therefore, the activity of the particle remains more stable 
throughout this period of substrata diffusion toward the core 
of the particle. This transition period persists until 
reaction is no longer limited by diffusion and the 
intra particle concentration gradient becomes flat. At this 
time all the enzyme decays at the same high rate, equal to that 
when ^ ^ was originally low. 
As mentioned at +he beginning of this section, the case of 
^>1 corresponds to that of parallel fouling in heterogeneous 
catalysts. Masamune and Smith *127) concluded that for 
parallel fouling catalysts with some diffusion resistance wer* 
more stable at long process times. The same conclusion was 
drawn by Kam et al. (77) who used a Fig, 2.13-type plot but 
nwylwctêu thw interesting conclusions drawn here from Figs. 
2=14 and 2.15. 
C. selectivity 
Selectivity ccnc^rns th4 distribution of products in 
complex reaction systems. The complexity is introduced into 
enzymatic reactions by the degree of specificity and 
purification of the enzyme. For example, the enzyme pepsin, 
which has a low degree of specificity, hydrolyses peptides of 
the. aromatic amino acids and other bulky nonpolar rp^sidu^s. 
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Therefore, several products would result from the action of 
pepsin on proteins. Many enzymes, such as amylases, 
cellulases, and nucleases, can depolymerize high molecular 
weight polymers into a spectrum of products of varying degrees 
of polymerization. Also, a commercial preparation of an enzyme 
is in many cases contaminated by other enzymes. Both glucose 
oxidase and maltase were found in a single preparation (4, 3U) , 
and catalase or mutarotase can also contaminate glucose oxidase 
preparations. Therefore, some side reactions are expected to 
take place. 
with the increased use of enzymes on a commercial scale, 
selectivity becomes even more important. Especially if the 
enzymes are immobilized, the selectivity behavior predicted 
from the knowledge of soluble enzymes is far from real. 
Therefore it is essential to know how the selectivity is 
disguised in immobilized enzymes by the presence of 
intraparticle diffusion limitation. 
Rheeler {208) was the first to advance a theory of 
selectivity in heterogeneous catalysis. He classified 
selectivity into three types, corresponding to different 
reaction configurations. Type I selectivity refers to the 
independent reactions: 
/A > Ô 
X 5- Y 
Assuming an isothermal pellet. Wheeler derived an expression 
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relating the relative rates of two independent first-order 
reactions to the magnitude of the intraparticle diffusion 
resistance. In general, for Type I reactions, diffusion 
resistance weakens Type I selectivity by retarding the faster 
of the two reactions to a larger estent than the slower 
reaction. 
Type II selectivity corresponds to parallel reactions of 
the type; 
Since Wheeler, Type II selectivity was studied for two 
first-order reactions in a nonisotheraal particle by McGreavy 
and Thornton (128), and for various pairs of reaction orders in 
an isothermal pellet by Roberts (165). For an isothermal 
pellet,- if the two competing reactions are of the sazs kinetic 
order, then the intraparticle concentration gradient will not 
affect Type II selectivity. However, if the reactions are of 
different order, then the lower concentration of k existing 
within the catalyst will cause the rate of higher-order 
reaction to fall markedly, thus increasing the relative yield 
of the product formed in the lower-order reaction. 
The reaction scheme for Type III selectivity is: 
C 
^ ^ 
Expressions for Type III selectivity in an isothermal pellet 
were developed by Wheeler (208) for two first-order reactions, 
Honisothermal pellets were studied by Butt (17), zero and 
second order reactions by van der Vusse (193) , and hyperbolic 
rate equations by Komiyama and Inoue (89). Carberry (22) 
extended Wheeler's isothermal treatment by assuming a 
macro-micropore model for the pellet and Butt (16) studied 
Type III selectivity in systems of variable diffusivity. In 
general, the presence of slow intraparticle diffusion lowers 
the selectivity of the intermediate B, which was corroborated 
experimentally by several authors (88, 198, 207). 
Up to this point selectivity in various types of 
reactions, as affected by intraparticle diffusion only, has 
bGGn du.oOuss€d. Svlôctxvxty xs also dependent on the types cf 
reactor configurations and operating variables such as feed 
composition, 8ei (204, 205, 206) studied complex systems of 
first-order chemical reactions in plug flow and continuous flow 
stirred tank reactors when the reactions were influenced by 
intraparticle diffusion. For simple reactions of Type III, the 
effect of reactor configuration was analyzed by Komiyama and 
Inoue (89) and Levenspiel (110). The selectivity of the 
intermediate B was always found higher in plug flow than in 
continuous flow stirred tank reactors. 
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Amyloysis of starch or dextrin is a complicated phenomenon 
and the detailed mechanisms of the actions of amylases are 
still in dispute (183, 184). For example, the model proposed 
by Thoraa (183) requires four reaction constants to be specified 
for every degree of polymerization (d.p.); therefore dextrin of 
d.p. 10 would require forty reaction constants. Therefore, the 
usefulness of the detailed model is somewhat limited. However, 
the hydrolysis of dextrin can be regarded as a complex reaction 
amcng dextrin, glucose, and disaccharides. Glucose is the 
desired product, while disaccharides are less desired and are 
the main reversion products. For such systems of three 
components, triangular diagrams would be most appropriate in 
representing the reaction paths and studying selectivity 
behavior. The effects of intraparticle diffusion on the 
reaction paths will be studied experimentally, and from them an 
appropriate model will be devised. Although changes in the 
nature of amylolytic products as a result of enzyme 
immobilization were reported for ^-aaylase (106) and 
glucoamylase (105), the reports were incomplete and 
inconclusive, and a more comprehensive study is desired with 
the use of triangular diagrams. 
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III. EXPERIMENTS 
A. Materials and Chemicals 
1. Materials 
For the present research, four different substrates were 
us€d. Maltrin-15 and Haltrin-20 were obtained from Grain 
Processing Corporation. These were maltodextrins that had been 
produced from corn starch composed of approximately 73% 
amylopectin by cC=amyIase hydrolysis and light acid treatment. 
They had Dextrose Eguivalent (DE) values of approximately 13 to 
17 and 18 to 20, respectively. In addition, D-maltose 
monohydrate and D-fructose were purchased from Baker. 
Two types of Aspergillus niger glucoamylase from Miles 
Laboratories were employed. Diazyme Concentrate had 300-500 
Diazyme units per gram (DU/g), while Diazyme 160 had around 160 
DD/g, according to the information provided by Miles. One DU 
was the amount of enzyme necessary to catalyze the production 
of 1 g glucose in 1 hr from 4% soluble starch at pH 4.2 and 
60^Co Neither was purified free of transglucosidase activity. 
In later experiments glucoamylase from Aspergillus niger 
(Batch PPAG 12) donated by Novo Enzyme Corporation was used. 
It had an activity of 1125 AGU/g, shere one AGU was the amount 
of enzyme that could hydrolyze 1 /mol of maltose per minute at 
250c and pH 4.5. This glucoamylase had minimal 
transglucosidase activity. 
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Glucose isomerase from streptomyces sp. was donated by 
Clinton Corn Processing Co. 
Controlled pore glass was donated by corning Glass Works, 
and ZrO^-coated and alkylamine glass were used in this 
research. Their pore diameter was within 10% of 550A, and pore 
sizes ranged from lass than 20 to larger than 200 mesh. 
2. Chemicals 
For preparing immobilized enzymes, 25% glutaraldehyde and 
Jf-aminopropyltriethoxysilane were obtained from Aldrich 
Chemical Co. 
Buffers were chosen so that they had near the maximum 
buffering capacity at the pH employed. For example, acetate 
buffer was used for pH 4 to 5, while ^-glycerophosphate (Sigma) 
solution was adjusted with concentrated HCl to yield pH's of 5 
to 7. In the latter pH range, maleate buffer was also used. 
During the immobilization process, pH 7,0 buffer composed of 
monobasic and dibasic sodium phosphates (Baker) was employed. 
B. Preparation of Immobilized Enzymes 
ZrO^-coated glass was silanized with a 10% aqueous 
solution of f-aminopropyltriethoxysilane at 75oc for 3-4 hr in 
a stxrr^d contaznsr to produce ZrOj^^^coated alkylas^ne glass. 
The glass was then poured into 2.5% glutaraldehyde (25% 
glutaraldehyde diluted with pH 7.0 phosphate buffer) and 
aspirated at room temperature for an hour. The 
glutaraldehyde-alkylamine glass, after being washed with 
9 6  
distilled water, was added to the enzyme (50-100 mg of enzyme 
per g of glass) dissolved in pH 1.0, 0.1 M phosphate buffer, and 
allowed to react at overnight. The enzyme immobilized onto 
the glass was washed with 2H NaCl, 5M urea, and further with 
distilled water to remove free or adsorbed enzyme. The 
immobilized enzyme was stored at 4®C. 
Chemistry related to the immobilization of enzymes is 
shown in Fig. 3.1, 
C. Analytical Methods 
Samples of feed and products were analyzed with a Waters 
aLC-201 liquid chromatograph equipped with a refractometer and 
donated by Corning Glass Works. The chromatograph column (3/8" 
o.d. X 0.3 05" i.d. x 22" long) was packed with 20-30 m Bio-Bad 
Aminex 50W-X4 ion-exchange beads in the Caz* form, through 
which degassed, deionized, and distilled water was pumped at 
0,5 ml/min. Two Haake circulating water baths were employed to 
maintain the column at 80°C and the optics at 300C. An 
automatic digital integrator, Infotronics Model CES-204 
(Columbia Scientific, Austin, Texas), was incorporated with the 
chromatograph for quantitative read-outs of the peaks. 
In later experieents (Sections ÎV= 4 and IV= 5); 19-25 «m 
Aminex G-15S*Caz+ was employed. This resin, unlike Aminex 
50W-X4, did not resolve saccharides of DP (degree of 
polymerization) higher than 3, but in general had a longer 
column life and yielded quicker resolution. Clear separations 
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Fig. 3.1, Immobilization of enzyme on glass surfaceo 
9 8  
were obtained up to trisaccharides with both resins. 
Therefore, one resin could be replaced with the other without 
introducing errors to the analytical results if saccharides of 
DP=3 or higher were properly lumped as one component. 
Near the end of the research, the original 1,000 psig pump 
system was replaced by the Model 60006 Solvent Delivery System 
whose maximum cutput pressure was 6,000 psig. This replacement 
allowed an increase ia elution flow rate to 0.9 ml/min without 
lessening the degree of resolution. Also added to the 
chromatograph was a septumless Model U6K Injector. 
Glucose concentration was more easily determined with a 
Model ERA-2001 Beckman Glucose Analyzer. A 10 ^ 1 
glucose-containing sample was pipetted into a sample cup, 
which was filled with a glucose oxidase reagent solution. This 
reagent was aerated so that the following reaction 
p-D-j lucose  +  0^ >  ^' iLicorJc  a .c . jcL 
was enzymatically catalyzed by glucose oxidase. Since at any 
time during the reaction the rate of consumption was 
directly proportional to the concentration of ^D-glucose then 
present in the sample cup,- the initial p-D-gluccs® 
concentration could be indirectly determined if the maximum 
rate of 0^ consumption was measured. The instrument achieves 
this by employing an 0^-sensing electrode and an electronic 
system that measures the initial rate. This instrument then 
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digitally reads out the total glucose concentration that was 
calculated from an equilibrium constant, 
drglucose/p-glucose=37/63, and the measured ^-glucose 
concentrâtion. 
Because Og consumption is measured, the Beckman Glucose 
Oxidase Eeagent contains special ingredients such as ethanol, 
iodide, and molybdate to destroy peroxide without yielding 
oxygen. The reactions involved are (9): 
CaJtcLlase, 
Etkanol — 
when catalase is present as an impurity in the glucose oxidase 
preparation, and 
/^oluhc^Atk, 
+ z h ''* 21 <-1^ i- H^O 
Harsh (12M) noted that the reagent supplied by Beckman 
contained significant amounts of maltase and glucoamylase 
impurities. These impurities gave him erroneous readouts of 
glucose concentration when he injected into the sample cup a 
purposely prepared sample of pure glucose and maltose. However, 
the activity of these impurities were successfully suppressed 
by diluting the original reagent by 2:3 with 1=0M Tris buffer 
of pH 5.7 (4, 34) . 
A mutarotational equilibrium of glucose is implicit in the 
readouts, so samples should be allowed enough time to reach the 
equilibrium. Fratzke et al. (52) found that mutarotation was 
1 0 0  
catalyzed by metal ions (e.g. Mg2+) and that it required 
several hours at room temperature to reach the equilibrium. At 
high temperature (e.g. 550), however, only a few minutes were 
necessary. 
D. Immobilized Enzyme Eeactors 
1. Single-£ass differential reactor system 
Feed was pumped with a Cole-Parmer peristaltic pump (No. 
7013 pump head and silicone tubing) through a gas dispersion 
tube, a 1/16" i.d. stainless steel coil, and finally a reactor 
packed with immobilized enzyme. The coil and the reactor were 
immersed in a Haake constant temperature bath. The gas 
dispersion tube was provided with a fritted filter disc for 
removal of insoluble impurities, if any, in the feed. This 
reactor was appropriate for the study of immobilized enzyme 
deactivation, 
2. Batch recirculation reactor system 
A three-neck, 100 ml, round-bottom flask was employed as a 
feed reservoir. Feed solution, agitated with an Electrothermal 
Ministirrer, was pumped through a heat-exchanger coil, an 
immobilized enzyme packed-bed reactor, and then back to the 
feed reservoir^ Temperature control was achieved by simply 
immersing the whole system except pump in a constant 
temperature bath. This reactor was used for the conversion vs. 
time studies. 
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The reactcr which was employed in both systems was made of 
Plexiglas with fritted discs at both ends. It was 1/2" i.d. 
and 4" long. The reactor was partially packed with varying 
amounts of immobilized enzyme and the rest with plain inert 
particles (40/80 mesh porous glass), 
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IV. BESTILTS 
A. Glucoaniylase Activity 
ThP activity of soluble glucoamylase (niazyma 160) was 
assayed at with Haltrir-15 as substrate in pH 4,5 acPtat* 
buffer. For this purpoee, a small, known amount of thf» 
dissclvPd enzyme was introduced into th»^ substrate solution 
which had been adjusted to the specific conditions. Aliguots 
wern drawn at desired time intervals from the reaction mixture 
into test tubes, incubatsd at 95^0 to stop the enzymatic 
action, and then analyzed for product (glucose), From a p?ot 
of glucose produced vs. time, the initial rate of product 
formation was obtained. The results. Fig, U.I, show that th* 
activity of the enzyme was ind®pend«sn+ of substrate 
concentration down to 1"% and that the activity so determined 
was in good agreement with that stated by Miles, 150 DO/g. 
To check for the presence of film diffusion effects on th« 
immobilized enzyme, flow rates were changed randomly in th*? 
batch recirculation reactor and in thm single-pass differential 
reactor, the results being shown in Figs. 4.2 and 4.3, 
respectively. Simple mass balances for such reactors lead to 
(4.1) 
for the former rsactor and 
(4.2) 
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DEXTRIN CONCENTRATION, wt. % 
30 
Fig, 4.1, Effect of Maltrin-15 concentration on activity of 
sclubla glucoamylase {Diazyme 160) at 550C and pH 
1.5 {1 DU = 1 g glucose/hr). 
Fig. 4.2. Effect of flow rate on activity of immobilized 
Diazyoie 160 glucoamylase (200+ mesh) at pH 4.5 
and 550c with 5% Maltrin-15 substrate in a batch 
recirculation reactor (1 U = 1 /tmol glucose/m±n). 
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FLOW RATE, ml/min 
15 20 25 30 
1000 
0 0.05 0.10 0.15 0.20 0.25 0.30 
SUPERFICIAL VELOCITY, cm/sec 
0.35 0.40 
1 0 6  
I-
UJ 
1X1 00 
0.2 0.3 0,4 0.5 0.6 0.7 '0.8 0.9 
INVERSE FLOW RATE, (ml/mînr^ 
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Fig. 4,3. Effect of flow rate on product glucose 
concentration in a single-pass reactor (40/80 
mesh; pH 4.5, 550C, 28% Maltrin-20)= ® 
corresponds to the feed glucose concentration. 
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for the Idttar one. Therefore, when there are no film 
diffusion effects, the rate of glucose, formation (-r^) in a 
recirculation reactor is independent of flow rate (or space 
velocity) in a plot such as Fig. 4.2, and the outlet glucose 
concentration (^) from a single-pass reactor should be linear 
with inverse flow rate, as shown in Fig. 4.3. From both 
figures it is obvious that beyond the flow rate of 3 ml/min 
(superficial velocity of 0.039 cm/sec), film diffusion effects 
were negligible. All the experiments with batch recirculation 
reactors were conducted at flow rates higher than 8 ml/min? 
while stability experiments with single-pass reactors were run 
at about 3 ml/Kin. 
The initial activity of the immobilized glucoamylase at 
varying levels of feed concentration was determined using a 
batch-recirculation reactor under the same conditions as for 
soluble glucoaaylase. The dextrin concentration was in the 
range of 0.2-26% for Maltrin-15 and 1.5-35% for Maltrin-20. 
The results for aaltrin-15 and 20 are presented as 
Eadie-Hofstee plots in Figs. 4.4 and 4.5, respectively. From 
the figures the apparent values of k^, the maximum rate, and 
the nichasiis constant, were calculated: 
Maltrin-15 kg = 1711 ± 180* D/g 
= 1.428 ± 0. 290 % 
Maltrin-20 Ic, = 2593 ± 223 U/g 
= 2. 443 ± 0.798 % 
* 95% confidence limits 
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Fig. y.U. Eadie-Hofstee plot for immobilized Diazyme 160 
glucoamylase (40/80 mesh) with Haltrin-15 
substrate at pH 4,5 and SS^C. Initial activities 
obtained from a batch recirculation reactor were 
employed (1 Ù = 1 /tmol glucose/min). 
Fig. 4.5. Eadie-Hofstee plot for immobilized Diazyme 160 
glucoamylase (40/80 mesh) with Haltrin-20 
substrate at pH 4.5 and 550C. Initial 
activities obtained from a batch recirculation 
reactor were employed {10 = 1 junol glucose/min). 
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Both of the apparent constants were higher for Malttin-20, a 
substrate of Icwer d.p. 
Fig, 4.6 shows that the logarithmic relative activity of 
the immobilized glucoamylase is linear with pH at values above 
with a slope of -0.18. 
In Fig. 4.7, conversion of the two dextrins in a batch 
recirculation reactor is plotted against the normalized 
residence time, Et/V^ (150). Notable is that the maximum 
glucose yield with immobilized glucoamylase was always lower 
than the one with soluble glucoamylase (Diazyme 160). 
B. Stability of Immobilized Glucoamylase 
To study deactivation of immobilized glucoamylase (Diazyme 
160), a single-pass differential reactor was used with the feed 
prepared just prior to each run. The feed was stirred 
continuously with a magnetic stirrer and heated to 
approximately 50°C to prevent rétrogradation, which might 
affect the stability of the enzyme. A few crystals of thymol 
(Hallinckrodt) were added to the feed reservoir to inhibit the 
growth of micrcbes. 
Figs. 8 and 4.9 present data representative of the 
deactivation experiments, xhâ decay follows two distinct 
first-order steps, of which the first is four times as fast as 
the second. This was also observed in the following 
experiments, where some of the immobilization steps were 
modified. In Fig. 4.10, the immobilized enzyme was reduced 
Fig. 4.6. Effect of pH on activity of immobilized Diazyme 
160 glucoamylase (40/80 mesh) in a batch 
recirculation reactor at 550C (1 u = 
1 yamcl glucose/min) . 
IMMOBILIZED GLUCOAMYLASE ACTIVITY" x 10 
^ è S § 
RELATIVE ACTIVITY 
Fig. 4.7. Production of glucose (circles) and 
disaccharides (triangles) from 28% Haltrin-20 
(closed) and Maltrin-15 (open) with immobilized 
Diazyoe 160 glucoamylass in a batch 
recirculation reactor (40/80 mesh, pH 4.5, 
550C). 
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Fig. 4.8. Operational stability of immobilized Diazyme 150 
glucoamylase in a single-pass differential 
reactor (40/80 mesh, pH 6.5, 65°, 18% 
Maltrin-20). Initial activity was 538 D/g, 
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Fig. 4.9. Operational stability of immobilized Diazyme 160 
glucoamylase in a single-pass differential 
reactor (40/80 mesh, pH 6.5, 65°, 28% 
Haltrin-20). Initial activity was 645 D/g. 
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Fig. 4.10. Operational stability of immobilized Diazyme 160 
glucoamylase reduced with NaBH in a single-pass 
differential reactor (40/80 mesh, pH 6.5, 65°, 
28% Maltrin-20). Initial activity was 565 U/g. 
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with whereas in Fig. 1.11 glutaraldehyflp was diluted 
with dioxane, which is nonpclar, instead of phosphate buffer. 
Neither ot the modifications affected the stability of 
immobilized glucoamylase. 
To determine the various effects of operating conditions, 
either pH, temperature, or substrate concentration was changed 
while the ether two were kept at standard conditions (pR 6.5, 
650C, 28% H/v dextrin concentration). 
As shown in Fig. U.12, the stability of glucoamylase was 
critically dependent on pH. \ change in pH from 6 to 6.5 
resulted in the decrease of half-life of the second decay 
segment from 50 hr to loss ttan 5 hr. The stability also 
depended upon substrate concentration (Fig. 4.13). The 
half-life of immobilized glucoamylase was dependent also on 
temperature as shown in Fig. 4.1%, with an activation energy 
for decay at pH 6.5 of 7U kcal/mole for the second decay 
segment. Panges show 95% ccnfidence limits. 
c. selectivits of Glucoamylase 
TO find an intrinsic reaction path of dextrin hydrolysis 
by glucoamylase, 40 mg of Novo glucoamylase was dissolved per 
ml of acetate buffer, ^hen 0.2 ml of the enzyme solution was 
added to a 100 ml solution of 30% w/v Maltrin-15 which had been 
incubated at SS^C. Samples were taken intermittently and 
plunged into a 95^0 temperature bath ^o stop the reaction. In 
another experiment, the same solution was also fed to a batch 
Fig. 4.11. Operational stability of immobilized Diazyme 160 
glucoamylase, where glutaraldehyde was diluted 
with dioxane, in a single-pass differential 
reactor {40/80 mesh, pH 6.5, 65°, 28% 
Haltrin-20). Initial activity was 1475 U/g. 
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Fig, 4.12. Effect of pH on second segment half-lives for 
immobilized Diazyme 160 glucoamylase in a 
single-pass differential reactor (40/80 mesh, 
650C, 28% Haltrin-20). Ranges indicate 95% 
confidence limits. 
HALF-LIFE, hr 
Fig. 4,13. Effect of dextrin (maltcia-20) concentration on 
second segment half-lives for immobilized 
Diazyme 160 glucoamylase in a single-pass 
differential reactor <40/80 mesh, pH 6.5, 650C). 
The curve is a model prediction discussed in 
Section V.B. Ranges indicate 95% confidence 
limits. 
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Fig, 4. m. Effect cf temperature and pH on second segment 
half-lives for immobilized Diazyme 150 
glacoamylase in a single-pass differential 
reactor (40/80 mesh, 28% Maltrin-20) . Ranges 
indicate 95% confidence limits. 
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recirculation reactor packed with immobilized glucoamylase 
(Novo), This experiment was repeated with immobilized 
glucoamylase of varying particle sizes. A triangular diagram. 
Fig. 4.15, is used to present the data points. The three 
vertices of the diagram are assigned to glucose, disaccharides, 
and the rest of the dextrin solution. Each data point 
represents weight fractions of the three components on a dry 
basis. As shown in the figure, at the initial stage of 
hydrolysis mors disaccharides were obtained with soluble 
glucoamylase or immobilized glucoamylase of small particle 
size. These materials also gave the highest maximum glucose 
yields. 
The foregoing experiment with soluble glucoamylase was 
repeated with varying concentrations of Maltrin-15. The data, 
again shown in a triangular diagram (Fig. 4.16), show that 
decrease in feed concentration initially decreased production 
of disaccharides. 
D. Simultaneous Use of Glucoamylase and Glucose Isomerase 
Glucose was isomerized to fructose with immobilized 
glucose isomerase in a batch recirculation reactor. Fig. 4.17 
shows conversion vs. normalized residence time. An equilibrium 
was reached between the tifo isomers at = (F)/ (G) =0. 8. 
0 
Immobilized Diazyme 160 glucoamylase and glucose isomerase 
were sequentially packed in a reactor, and the Maltrin-20 was 
hatch-rfcirculated at pH 6.5 and SS^C at a flow rate of 30 
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JT 
Fig. 4.15. Course of hydrolysis of dextrin (30% Haltrin-15) 
with soluble (©) and immobilized Novo 
glucoasylase of varying particle size (o 200+, 
A 40/80, • 18/20 mesh) at pH 4.5 and 55®C. 
Course of hydrolysis of dextrin (Maltrin-15) of 
varying concentration {o 10%, 30%, o 35%) with 
soluble Novo glucoamylase at pH U.5 and 55°C. 
c 
135 
0 0.10 0.15 0.20 
NORMALIZED RESIDENCE TIME, hr-g/ml 
Pig. 4.17. Production of fructose from 1M glucose «ith 
immobilized glucose isomerase in a batch 
^«circulation reactor (40/80 sesk, pB 6.47, 
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ml/min (Fig. 4.18) . The results are also compared in Fig. 4.19 
to those obtained when immobilized glucoamylase was used alone 
at pH 4.5. The combined yield of glucose and fructose was 
beyond 95%, and the two isomers were at the equilibrium ratio. 
In other experiments, which were conducted at pH 6.0 and 
550C, Novo glucoamylase was used. The combined yield of sugar 
was compared with the yield of glucose obtained from soluble or 
immobilized glucoamylase alone under the same conditions. The 
results were shown in Fig. 4.20. It shows the highest yield of 
sugar with the two-enzyme system or native glucoamylase and the 
lowest yield of glucose with immobilized glucoamylase. 
Dsing the same data for two-enzyme systems as in Figs. 
4.19 and 4.20, the weight fractions of glucose were plotted 
against those of fructose in Fig. 4.21. The points from Fig, 
4.19 fell on the equilibrium line near the end of hydrolysis. 
On the other hand, those from Fig. 4.20 only touched the 
equilibrium line, and the final fructose fraction remained at 
36.5%, because of rapid decay of the glucose isomerase caused 
by the lower pR. 
Fig. 4. 18, Production of sugar mixture from dextrin (35% 
Maltrin-20) with a mixed bed of immobilized 
Diazyme 160 glucoamylase and glucose isomerase 
in a batch recirculation reactor (40/80 mesh, 
glucoamylase/glucose isomerase=0,53 v/v, pH 6.5, 
550C) . 
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Fig. 4.19. Hydrolysis of Haltrin-20 with immobilized Diazyme 
160 glucoamylase (A) at pH 4.5 and 550C and with 
an immobilized glucoainylase-glucose isomerase 
mixture (glucoamylase/glucose isomerase = 
0.53 v/v) at pH 6.5 and 550C (@) in a batch 
recirculation reactor. 
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Fig. 4.20.  Hydrolysis of Maltrin-15 with soluble (•)  and 
immobilized (A) Novo glucoamylase and two 
immobilized glucoamylase-glucose isomerase 
mixtures (glucoamylase/glucose isomerase = 
0.33 v/v (o) ,  0.1 v/v (®J ) at  pH 6.0 and SS^C. 
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u. 
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rig. 4.21. Equilibrium relationships for dextrin hydrolysis 
with immobilized glucoamylase-glucose isotaerase 
mixtures at 55°C 
(glucoamylase/glucose isomerase = 0.33 v/v (o), 
0,1 v/v (@) , and 0.53 v/v (®) ) . The first two 
experiments were conducted at pH 6.0 and the 
third at pH 6.5. 
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V. DISCUSSION 
A. Glucoamylase Activity 
1. Kinetics 
It was observed in Fig. 4.1 that the initial rate of 
glucose formation with soluble glucoamylase follows zero-order 
kinetics in dextrin concentration, if the concentration is 
higher than 1%. This implies that the Hichaelis constant 
for dextrin would be much smaller than 1%. In fact, Ono et al. 
(149) found that was 0.04% for maltose and near 0.01% for 
maltodestrins at pH 5.15 and IS^C, while Marsh (124) reported a 
higher value (0.15%) for maltose at higher temperature 
(500C) and pH 4.7, all with soluble glucoamylase. Beetall and 
Havewala (202) observed a of 1.22 mM (0.29%) for the soluble 
enzyme with 25 DE maltodestrins at pH 4.5 and 60®C. Therefore, 
at 550c Kyy, would be close to 0.1% for maltodextrins, justifying 
the observed apparent zero-order kinetics. 
2. Effect of film diffusion 
Since pore diffusion limitation was the main subject of 
interest in this study, the effect of film diffusion was 
deliberately eliminated by conducting experiments at high space 
velocity. Although Figs, 4.2 and 4.3 verified the absence of 
file diffusion limitation at flow rates higher than 3 al/min, 
it should be noted that substrate concentration* was relatively 
high (5%) for both experiments. Hears (130) proposed that a 
heterogeneous catalytic reaction is free of film diffusion 
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limitation, if the "external observable" ^ (23) is such that 
2 2 
\  c.  oS 
"F  
< (5.1a) 
71 
where is the observed rate per unit volume of catalyst, 
the mass-transfer coefficient, and n the order of reaction. 
Equation (5.1a) can be readily extended to Hichaelis-Menten 
kinetics and rewritten as 
_ / f % 
y <,0.oS ; (5.1b) 
^ k 
f A 
where X= K^/C^^. Equations (5.1a) and (5.1b) show that 
A 
zero-order reactions (n = 0 or X-> 0) are not affected by 
film diffusion. The mass-transfer coefficient, can be 
estimated using the correlation developed by Wilson and 
Geankoplis (211); 
For 0.0016<Sép<55, 
! K\ /.O? 
J = ( _ j 5 ,  = — ( 5 . 2 )  
or 
l.oHui 
k = Pe^ (5.3) 
where 
147 
H-
75" • /• 
d.- u, 
/e _ = Se Re^ = 
'' Al 
^ (5,4a,b,c) 
and € is the void fraction in the packed bed. Combining 
equations (5,1) and (5.3), the criterion for the absence of 
film diffusion effects becomes 
f X Î = ~ 
or for spherical particles 
4 ^ 4  %  /  +  ^  
V = < C>^OS (5.6) 
^ ^ K 
Therefore, film diffusion effects are greater for lower 
substrate concentrations and larger particles. An example of 
lower substrate concentration and larger particles is 0.2% 
Haltrin-15 and 40/80 mesh immobilized Diazyme glucoamylase 
(Fig, 4.4). Kinetic studies in Figs. 4-4 and 4.5 ware 
performed at flow rates of 40-50 ml/min (0.53-0.66 cm/sec). 
Therefore at these flow rates, the immobilized glucoamylase 
having an activity of 222 units/g with 0.2% Maltrin-15 at 55°C, 
the external observable ^  is approximately 0.1. This indicates 
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that film diffusion was not limiting in the experimental 
stadies with immobilized glucoamjlase if is not greater than 
0.2%. The following analsis will show that the intrinsic value 
of free of the effects of pore diffusion limitation, is 
actually near 0.1%, very close to that of soluble glucoamylase. 
3, Calculation of pore diffusion limitation 
As discussed in Section II.A, the degree of pore diffusion 
limitation can be assessed with the use of the internal 
observable ^ defined earlier by 
Most uncertain in evaluating ^ is the effective diffusivity 
of substrate within the porous immobilized glucoamylase, 
which is related to bulk diffusivity of substrate by 
where & is the void fraction of catalyst particle and T, called 
"tortuosity," measures the deviation of pores from being 
straight and cylindrical. Satterfield (168) , who measured T 
for many commercial porous catalysts and made an extensive 
review of the literature on T, suggests the use of 2 to 6 for 
when no experimental data are available. He also cited 
experimental values of T near 10, and as high as 20» For 
(2.31) 
A 9 
(5.7) 
T 
149 
diffusion in the liquid phase, he noted that the degree of 
knowledge concerning bulk diffusivity and its variation with 
temperature and concentration could be more limiting than the 
estimation of X.  
There are two studies where the same controlled-pore glass 
as used in this dissertation was employed. First, Marsh et al. 
(125) experimentally determined effectiveness factors of 
particles of immobilized glucoaiylase of various sizes by 
comparing the activity of each size with that of ground 
immobilized glucoamylase. Using maltose as substrate, they 
fitted tha experimental, data well into an effectiveness 
factor-Thiele modulus plot for zero-order reaction and from 
this provided a relationship; 
foL maltose can be calculated as 5.93x10-8 cmz/sec. D. . 
em 
for maltose is approximately 1.08x10-s cmz/sec at infinite 
dilution by use of the Kurath and Bump (98) correlation for 
diffusivity of maltodextrins folloaed by corrections for 
temperature by the method of Hayduk and Laudie (67). Another 
a 
By employing k and values they obtained from ground 
immobilizad glucoamylase, i.e. 
k = 1U.1 mg maltose/min ml 
K„ = 2.93 mM M 
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correction for concentration with the Anderson equation (2) 
leads to (5% maltose) of 8.7x10-* cmz/sec. For controlled 
pore glass with 0=0.79, the difference in diffusivities means 
t=116 which is an order of magnitude higher than its probable 
value. This high value of Z is unrealistic from Satterfield's 
point of view and is probably due to grinding of the 
immobilized enzyme, which could have deactivated the enzyme or 
destroyed pore structure» On the other hand, Lee et al» (109) 
used r=4 in comparing experimental with theoretically predicted 
effectiveness factors for immobilized glucose isomerase, with a 
result that the former values were lower than the latter. 
Although the authors believed that the discrepancy was due to 
film diffusion and lack of reliable physical constants, it 
should be noticed that ir=8 instead of 4 would have brought the 
experimental peints closer to theoretical ones. Estimating 
as 8 does not seem invalid when Satterfield (168) viewed of 
4 to 7 "readily reconciled with physical reality." In this 
dissertation the estimation of effective diffusivity was made 
with T=8. 
Bulk diffusivity of maltodextrins at particular 
temperature and concentration was estimated with a sat of 
correlations. A general and detailed discussion of estimating 
bulk diffusivity is available in an excellent monograph by Beid 
et al. (16 2). First, bulk diffusivity of the aaltodextrin 
series at infinite dilution was estimated using the Kurath and 
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Bump correlation (98) ; 
D  = (5,8a) 
^ = LZé fJ -h 4.72 (5.8b) 
where N is the degree of polymer. The correlation developed 
from experimental data at SO^C for cellodextrins is also in 
good agreement with the diffusivity data for aaltodestrins 
(12), Kurath and Bump also provided a correlation for molar 
volumes of maltodextrins, i.e. 
V, ~ 90. /y V + 13.86 (5.9) 
At 
Effect of temperature on bulk diffusivity at infinite dilution 
has been well-studied, and the wilke-Chang correlation (210) or 
the more recent Hayduk-Laudie correlation (67) is well-knosn. 
The latter states that 
o -/.4-
« % (5-10) 
where the subscript w denotes water. Viscosity of water can be 
found in Reid et al, (162). Tha variation of bulk diffusivity 
with concentration was accounted for by Anderson's method (2)^ 
He found that the diffusivity of macromolecules in an aqueous 
solution followed an equation; 
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—  -  C  l - f )  (5.11) 
P 
with ^  being volume fraction of macromolecule in the solution, 
which can be readily obtained using equation (5.9). Using the 
correlations discussed above, the following table of 
diffusivities for Maltrin-15 (N=7.1, M.H,=1150) at 550C was 
generated: 
Table 6 
Diffusivity of Haltria~15 
Dextrin concentration D xlO® Dg z 10* 
(wt. %) (cm2/sec) (cm2/sec) 
Ô~ 5.82 0.58 
5 1.72 0.47 
10 3.78 0.37 
20 2.29 0.23 
Effective diffusivity Has calculated using equation (5.7) with 
0=0*79 and 
With the estimated effective diffusivity and the observed 
activity of immobilized glucoamylase, the internal observable 
^ was calculated at each dextrin concentration employed in 
Fig. 4.4. An example of the calculations is given in Appendix 
F. varied from 1.55 at 25% of Maltrin-15 to 7.94 at 0.2%. 
Therefore, intxaparticle diffusion effects are sore pronounced 
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at lower substrate concentration (Fig, 2.3). This lower 
effectiveness factor at lower substrate concentration was 
experimentally observed by Wua (214) with immobilized glucose 
isomerase. Because of the wide variation in $Js and therefore 
in effectiveness factors, the rate constants determined from 
Eadie-Hofstee plots (Figs. 4.1 and 4.5) are only "apparent" 
values. "Intrinsic" values were disguised by the presence of 
pore diffusion limitation. 
In the literature, apparent rate parameters are widely 
used to characterize most data on immobilized enzymes. Then, 
the apparent values are compared to corresponding rate 
parameters for soluble enzymes. Since the apparent values were 
often disguised intrinsic values, such comparisons can be 
meaningless. Eor example, the Hichaelis constant for a 
particular enzyme can decrease, increase, or not change after 
immobilization, aeetall and Havewala (202) reported that 
for glutaraldehyde-coupled immobilized glucoamylase was twice 
that of the soluble enzyme. Marsh (124), on the other hand, 
observed a decrease in after immobilizing glucoamylase in 
the same manner as Heetall and Kavewala. For immobilized 
glucoamylase prepared by azo coupling, Seatall and "avsvala 
(202) found that was 25% that of soluble enzyme when 
measured at lower substrate concentrations but was close to 
that of soluble enzyme if the value was obtained at higher 
substrate concentrations. This is readily understandable from 
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the preceding reasoning. 
In the following, an attempt is made to unveil the effects 
of pore diffusion and to determine intrinsic rate parameters of 
the immobilized enzyme. It is obvious from the discussion in 
Section II.A that 
/V / + X 
15-121 
c 
At a high concentration, X—^0 and <5 can be obtained from a 
ô'Èp plot at K=0. Then, is determined from equation 
<5.12). At a lower substrate concentration (high x ), 6 can 
be estimated from an asymptote, that is, from equations (2,26b) 
and (2.32) 
/ 
Z i l - h K )  I - k j U  
£ = = —(5.13) 
Substitution of equation (5.13) into (5,12) followed by 
rearrangement yields 
l-i-K r, \ ^ n r y J-CK) = I-KLi  = — (S.IU) 
where the EHS is known from the previously determined value of 
the internal observable , and the observed rate 
A 
Therefore, it is only a matter of finding X so that the 
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equality (5.14) holds. For this purpose, a f(X) vs. X plot is 
shown in Fig. 5.1. As an example, from the experimental data 
in Fig. U.4, where the immobilized glucoamylase activity 
1691 U/g at a dextrin concentration of 25.64%, ^  is calculated 
to be 1.55. From the plot (Fig. 2.2b), (5-^0.8 at K=0. 
Therefore, equation (5.12) yields 
(L = 2//8 
Now, calculating the RHS corresponding to ^^^222 U/g at 0.2% 
with ^^-7. 94, 
fik) = oAth 
is obtained. Then a f (X) vs. X plot determines X=0.59. This 
means K^= X(^^=0. 12X. To check if ^-2118 and A^=0.12%, can 
be calculated using the relation (5.12) for each concentration 
employed in Fig. 4.4. This results in V^=2348 U/g with standard 
deviation 447. After all the estimation of physical constants, 
this is regarded as an excellent agreement with the first 
approximate value of 2118. The method involved in determining 
the rate constants actually used only two data points, one at 
high substrate concentration and the ether at lower 
concentration. Therefore, this new method is very simple and 
reliable^ 
For Maltrin-20 (Fig 4.5), no data were obtained at Ioh 
substrate concentrations. Accordingly, intrinsic constants 
cannot be determined, but it would be reasonable to assume that 
the intrinsic Hichaelis constant does not change appreciably 
Fig. 5.1. Plot of f (X) , equation (5.14), vs. X. 
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after immobilization, as was actually proved for the case of 
Haltrin-15 (0.12% after immobilization, close to that for 
soluble enzyme). 
4. EffeSt of on activity 
As discussed in section II.A, if it is assumed that one or 
two functional groups are important to the activity of an 
enzyme, the logarithmic (relative) activity vs. pH plot is 
linear with a slops of unity (positive or negative) at pH 
values far from the optimum. On the other hand, when 
intraparticle diffusion is controlling, the apparent activity 
is the square root of the true activity. Therefore in such a 
plot of the logarithmic activity vs. pH, the slope away from 
the optimum pK is reduced to half of the original slope if pore 
diffusion is still limiting at those pH values. This condition 
is difficult to meet because activity drops quickly as pH is 
changed from the optimum. If it is assumed that the Michaelis 
constant varies little with pH, ^  for the experimental data in 
Fig 4.6 ranges from 0.9 to 1.8. Since the regime for 
pore-diffusion control was defined as where îp>6 for zero 
order reaction (equation 2.31), it is expected that in the 
range of 0.9 to 1.8, the slope will be different from half 
unity. The results in Fig 4.6 confirms this expectation, 
yielding a slope -0.18. 
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B. Stability of Immobilized Glucoamylase 
There were two objectives for studying the operational 
stability of immobilized glucoamylase. The primary one was to 
determine if it was feasible to use two immobilized enzymes, 
glucoamylase and glucose isomerase, in one packed column for an 
extended period of time. The other was to explain what was 
observed and suggest how to improve the stability of 
immobilized glucoamylase» 
Two forms of glucoamylass have been identified by several 
authors <112, 154, 186)« Pazur and Ando (154) pointed out that 
one isoenzyme, GA I, is four times as stable as the other, GA 
II. A set of data corroborating this are shown in Figs. 
4.8-4.11. The first fast decay of the immobilized enzyme was 
initially assumed attributable to several other factors: 
i) desorption of adsorbed enzyme, 
ii) dissolution of the glass carrier, 
iii) rupture of the bonds between enzyme and glass, 
iv) hydrolysis of the Schiff bases in the immobilized 
enzyme, 
v) possible unstability of glutaraldehyde in its 
polymeric form, 
vi) the intraparticle concentration gradient of dextrin. 
These factors were eliminated one by one. First, prior to 
using the immobilized enzyme, it was packed into a column and 
washed with distilled water and substrate (maltose) for at 
least two hours, by which time its activity became stable. 
Weetall et al. (202, 203) found that the ZrO^ coating solved 
the problem of carrier dissolution, and that the Si-C covalent 
bond was very stable. The reduction of the Schiff bases by 
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SaBH^ did not change the decay pattern (Fig. 4.12), nor did the 
use of dioxane to increase the stability of ^-unsaturated 
aldehyde polymers (Fig. 4.11). The nature of the reaction of 
glutaraldehyde with amines is not fully understood. However, 
it is known that the rate of the reaction increases with 
increasing pH, and that the reaction carried out at pH values 
higher than 7 is apparently irreversible (58, 156). 
Glutaraldehyde is known to exist in various hydrated forms, as 
a cyclic hemiacetal, or as an unsaturated polymer formed by 
an aldol condensation process via elimination of water. The 
resonance interaction of the Schiff base with the ethylenic 
bond is known to stabilize the cross-linked product to acid 
hydrolysis (156). Therefore, the experimental findings in 
Figs. 4.10 and 4.11 along with the facts known in the 
literature indicate that the various bonds formed by the 
cross-linking with glutaraldehyde are stable to acid 
hydrolysis. 
The affects of substrate on the stability of immobilized 
enzyme was discussed theoretically in Section II.B. The 
highest value of for immobilized glucoamylase under the 
Gonditicn of the stability runs «as about 1=5 at 5% Maltrin-20-
Therefore, effectiveness factors for the runs (Fig. «J, 13) were 
higher than 0.85. These generally high values result from low 
intrinsic activities at pH 6.5. Therefore, neglecting the low 
degree of pore diffusion limitation, equation (2.47) alone 
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should explain the observed dependence of stability on dextrin 
concentration. Integration of equation (2.47) yields 
A A 
É - Êo exp (5.15a) 
+
 
or 
h ^.0 - (5,15b) 
where ^ is the half-life in absence of subsrate» From 
equation (5.15b), the slope at zero concentration, Sq, and 
half-life at saturation, t^ , can be derived: 
l-é 
Jo = 
k 
(5.15c) 
and 
M. 
y^.o 
(5.15d) 
s 
Application of equations (5.15c) and (5.15c) to the 
experimental data in Fig. 4.13 yields ^ = 0.0267, = 0,973%, 
and t^^o = 0.4 hr. The curve in Fig. 4.13 is the prediction of 
equation (5.15b) with these values of parameters, that is. 
t y  =  o . f  
0.^13 f 
0/973 f (o.oz^i)C^ 
(5.16) 
where is the wt. % concentration of Maltrin-20. Hiromi et 
al. (7 0) found that of glucoamylase for maltose decreased 
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with pH, The estimated value of 0.973% at pH 6.5, when 
compared to apparent value of 2.443% at pH 4.5 (Section IV.A), 
is in qualitative agreement with Hircni et al. 
Fratzke et al. (52) observed that immobilized glucose 
iscmerase was protected by one of its substrates, fructose. 
When applied to their experimental data, the preceding analyses 
yield /= 0.011, t^^* - 10 min, and = 0.032M for fructose. 
In Fig. 5.2, the original data are reproduced along sith the 
prediction of the present model. 
The discussion in Section II.B suggests that when enzyme 
is protected by substrate, the plot of logarithmic relative 
activity vs. elapsed time should be curved, with increasing 
slope, although the curvature will be small at the low ^^'s 
(or ^ ) found in the stability runs. The small curvature 
could be also easily obscured by the scattering of data points. 
The decreasing slopes in Figs. 4.8 to 4.11 therefore do not 
result from the protective effects of substrate. Instead, as 
with the free glucoamylase, the broken decay curves seem 
explainable only by the presence of two isoenzymes of differing 
Stabilities. 
The apparent increase in stability caused by the presence 
of pore diffusion limitation, discussed in Section II.E, could 
have been observed had larger particles of immobilized enzyme 
been used. Because of the limited size of porous glass 
available from Corning at the time of experimentation, the 
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Fig* 5i2i Effect of fructose concentration on half-lives of 
immobilized glucose isomerase (52). The curve is 
a prediction of equation (5,15b) with ^ = 0,011, 
ty g = 10 rain, and = 0.032H for fructose. 
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theory developed in section II.B remains to be proved. 
However, it suggests that one way to increase the apparent 
stability of immobilized enzymes, if they are not 
substrate-labilized, is to increase the pore-diffusional 
ef fe cts. 
C. Selectivity of Glucoamylase 
The reaction paths of dextrin hydrolysis by soluble and 
immobilized glucoamylase. Fig. 4.15, are characterized by three 
intriguing phenomena: 
i) Disaccharide reached a maximum in concentration, 
decreased to a minimum, and then increased slowly. 
This was common to both forms of glucoamylase, 
ii) At the initial stag# of hydrolysis, the immobilized 
enzyme of larger particle size favored the 
production of glucose over disaccharides. 
iii) However, the final yield of glucose was lower with 
the larger immobilized enzyme. 
The first phenomenon was observed with soluble 
glucoamylase (Fig. 4.15) as well as immobilized glucoamylase 
(Figs. 4.7 and 4.15), and was also observed by Lee (107), which 
indicates that it is intrinsic to dextrin hydrolys is  by 
glucoamylase. The initial production of glucose and 
disaccharides was simultaneous, that is. 
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Oextfiir. (5.17) 
where the length of arrows denotes the relative magnitude in 
rates. was produced at a much higher rate than Gg,. Then, 
as concentration increased, its hydrolysis into glucose 
occurred faster and the point was reached where the hydrolysis 
of disaccharides was more rapid than their formation. 
Therefore, the reaction (5.17) was followed by 
Dextrin (5.18) 
where the decrease in G^ concentration was observed. As the 
extent of hydrolysis increased, G, accumulated and reversion 
reactions became pronounced. At this stage, the reaction 
Dextrih. (5.19) 
prevailed. Then, the final stage of aonotonic increase in 
disaccharide concentration was observed. 
Fig. y.16 showed that at the initial stage of hydrolysis 
with soluble glucoaoylase the decrease in dextrin concentration 
166 
favored the production of G,. This suggests that the initial 
hydrolysis (5, 17), a type II reaction, occurs with the 
production rate depending on the dextrin concentration in 
higher order (>zero order) than Gj production, which follows 
zero order kinetics. This argument of higher reaction order 
for G^ production is further strengthened since concentration 
of Gj remained low {<3%) during the entire hydrolysis of 
dextrin. Then, the decrease in dextrin concentration will more 
severely affect the rate of higher order, that is, the 
production of G^. As discussed in Section II.C, the 
intraparticle concentration gradient of dextrin causes the 
production of G^ to fall markedly, enhancing the relative yield 
of G, . In short, the intraparticle concentration gradient 
favors selectivity toward Gj. This effect will be more 
pronounced with the increase in the particle size of 
immobilized glucoamylase sharpening the intraparticle 
concentration gradient of dextrin. Therefore, the second 
phenomenon is entirely due to the effect of intraparticle 
diffusion. 
The third phenomenon can be readily explained in terms of 
intraparticle diffusion limitation. At final stage of dextrin 
hydrolysis following (5.19), type III selectivity is 
anticipated. The presence of the intraparticle diffusion 
effects means that the intermediate product, glucose, stays 
within the pores of immobilized enzyme longer and also in high 
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concentration. Therefore, the final products in (5.19), 
disaccharides, will be formed in greater quantities and the 
selectivity toward glucose will be lowered. 
These phenomena were consistently observed by Lee and 
corworkers (107, 108), who made an extensive study of dextrin 
hydrolysis with soluble and immobilized glucoamylase with 
varying feed DZ. In addition to those phenomena, they also 
found that a low DE feed in general yielded higher final 
glucose concentration and that for the same DE value dextrin 
treated with (5d-amylase and acid gave higher glucose yield than 
that treated with acid only. But their results with Maltrin of 
DE from 15 to 25 actually corroborate the results in Fig. 4.7, 
showing that a higher DE feed yielded more glucose (differences 
are small, however). 
A mathematical model was developed by D. D. Lee (107) to 
explain the three phenomena observed aith immobilized 
glucoamylase. He determined the intraparticle concentration 
profiles of glucose, ^ -glucose, disaccharides, and higher 
saccharides at several points along a packed column of 
immobilized glucoamylase. The model actually explains a 
seguence of hydrolysis in a qualitative way and is in general 
agreement with the sequence discussed above. 
Finally, as the particles become smaller, the effects of 
pore diffusion limitation would be expected to decrease, 
leading to results close to those obtained with soluble 
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glucoaœylase. That has in fact occurred, as shown in Pig. 
4.15, with immobilized glucoaiaylase smaller than 200 mesh (74 
micron) in size. The use of such small particles in a fixed 
bed is impractical due to the high pressure drop that would 
occur. This problem could be avoided by use of a fluidized bed 
of small particles or fixed bed with pellicular particles. The 
latter beads have a solid core with a porous coating. The size 
of the solid core could be large enough to give Ioh pressure 
drop and the thickness of the porous layer could be optimized 
so that the resulting immobilized enzyme was not pore diffusion 
controlled. 
D. Simultaneous Use of Glucoamylase and Glucose Isomerase 
The stability of glucose isomerase was studied in detail 
by Fratzke et al. (52). Its activity and stability shows a 
dependence on pH far different from glucoamylase. Glucose 
isomerase was found the most active and stable at pH values 
above 7.0. At pH 6.0, the enzyme had a stability about 10% 
that at pH 7.0, although its activity decreased only to 60% 
that at pH 7.0 (52). Therefore, the comparison of glucose 
iscmerase activity and stability with Figs, 4.6 and 4.12, which 
present the effects of pH on activity and stability of 
glucoamylase, suggests that the simultaneous use of the tso 
enzymes is most probable at pH values of 6 to 6.5. 
Sxperiasnts were conducted at these two pH's. The results 
in Figs. 4.19 and 4.20 showed that all three runs using two 
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immobilized enzymes led to higher monosaccharide and lower 
disaccharide yields than when immobilized glucoamylase was used 
alone. In each case even better results would have been 
obtained had it been possible to maintain the glucose-fructose 
ratio near the equilibrium value throughout the runs. This was 
not possible, as the glucose isoraerase decayed rapidly, 
especially at pH 6 (Fig. 4,21) . This decay caused the large 
deviations from equilibrium at pH 6 when fall hydrolysis was 
being approached. 
Reaction rates were low, not only because neither 
immobilized enzyme was present at its maximum concentration, 
but also because the pH of operation was between the optima for 
the two enzymes. 
Therefore, while the extent of reversion reactions was 
sharply limited by use of a mixed glucoamylase-glucose 
isomerase system, the compromises that had to be made to 
operate both enzymes together rendered the system commercially 
infeasibla = 
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VI. APPENDIX A: 
SINGULAR PEETOSBATION TECHNIQUE 
The study of diffusion and reaction in a porous catalyst 
pellet involves solving differential equations of the type: 
/C F-l dC 
- { J-(C) (6.1) 
dx % àx 
B.c. c\o) = 0 (6.2a) 
C C D  =  I  ( 6 . 2 b )  
where p is as discussed in Section II.A a shape factor for the 
pellet and ^  is positive and real. The rate function, f(C), 
monotonically increases with c and 
/Co) = O (6.3) 
C and f(C) are assumed expandable in terms of C (given later), 
VJLZ« 0 
i) C(zu) = L e^C^CX) (6.4) 
nso 
i i)  /(C) -fC^) ^ 
^-0(6^) (6.5a) 
The use of chain rule for differentiation reduces equation 
(6.5a) to 
1 71 
/ (c; ~ /fQ + £c,/(cj + ^  [cf/i-cj fzc/coj 
O(e') (6,5b) 
It is of interest to find asymptotic representations of 
the solutions for equations (6.1) and (6.2) at limiting values 
of the parameter say, 0 and infinity. 
The methods and terminology used here were well-documented 
and explained fcy Cole (31). 
A. A Case when —> 0 
With 6 = 6,=^, the substitutions of equations (6.4) and 
(6.5b) into (6.1) and (6.2) give 
"  n / A  P - l  [ < 4 4  +  
nzo ' \ dx,^ % dx: J 
= £,/(« + e'^cj'cQ + OfO (6-6) 
CO 
(6.7a) B.C. 
M so 
L = / (6.7b) 
nro 
Equating the coefficients of like powers of £, in 
equations (6.6) and (6.7), a set of equations is obtained for 
C e C t etc., for example, 
0 d Co P—} MCff 
Cj . —j -T f* • ' ~ 0 (6.8) 
Ux X dx 
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B.C.  
i . e .  
: 
B.c .  
r 0 (6.9a) 
cx/; = / (6.9b) 
F - J  
f 
X 
d c ,  
à x  
== /fc,) (6» 10) 
C.'fo) = 0 (6.11a) 
c , c / ;  s 0 (6.11b) 
F - /  
f 
X i x  
=  A  f K )  (6.12) 
c/o; - 0 (6.13a) 
- / (6.13b) 
Solving equations (6.8) to (6.13), an asymptotic solution 
for (6.1) and (6.2), when ^ ->0, is obtained. As obvious from 
equation (2.20), it is satisfactory for engineering purposes to 
find C (1) , which is in this case 
c'( — Jl!L 
pCpfi) f 0 (I.) (6.U) 
The foregoing method is called the 'regular' perturbation 
technique. 
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B. A Case When ^->Oo 
Equation (6.1) is rewritten in the form of 
P - - !  d C \  .  
4 —; -f" —•— "7"" ) - 0 (6.15) 
\^%r ;c af / 
where The solution which would be obtained by a 
regular expansion, is called the 'outer' solution and will be 
denoted by C® {s; 6^). à trial series of 
00 o 
C C^}^z) ^ ^ (6o16) 
rt^o 
is substituted into equations (6.15) and (6.2) to yield 
A=o V Ay} X dxJ 
•J-(cl) +'£iC°/CO + 0(£l) (6.17) 
00 ^ ^ 
B.c. Z r 0 (6.18a) 
nso 
L si C^CO = / (6.18b) 
n.so 
The same procedure as applied to equations (6.6) to (6.13) 
and the use of equation (6.3) lead to 
(CjfaJ =0 ^ % ZO, /, Z, ' ' (6.19a) 
or *.0 (6.19b) 
To be noted is that the outer solution (6.19b) cannot meet 
one of the boundary conditions (6.2b) although it satisfies the 
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other (6.2a) Ihis failure is inherent in a differential 
equation of the type (6.15), which is lowered in its order when 
^2=0. Problems of this nature come under the general heading 
of 'singular perturbation problems-' Among the techniques 
available to solve such problems (31) the most popular is the 
'method of matched asymptotic expansions,' whose salient 
features were well-presented by Acrivos (1). This method, as 
the term implies, assumes several 'regionally valid* asymptotic 
expansions which are to match smoothly one another in 
'overlapping' regions. 
The preceding failure suggests the presence of a boundary 
/c F-\ dC 
layer near x = 1, where the term —;—, or perhaps —is so 
X DX. 
large that the LHS of equation (6.15) becomes significant at 
small values of The singular perturbation techniques are 
started by simply stretching the independent variable x in the 
neighborhood of x=1 in such a way as to make the terms 0(1). 
So a 'stretched' variable is introduced by the definition 
In terms of the stretched variable, equation (6.15) reduces to 
where (z;g^) will provide the 'inner* solution for equation 
(6.15), Taking ^ =-1/2 eliminates the problem associated with 
%  =  ! - x )  (6 .20 )  
^ dZ'- l-t*K dx 
(6.21) 
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the outer expansion, and equation (6.21) should take care of 
the 'defect' boundary condition (6.2b). Therefore, the 
resulting equations are 
AC CF-oej dc 
7? ~ ; -f/% dx 
U /. 
— = fCC') (6.22) 
C'Co)=/ (6.2b') 
Equation (6.22) suggests that its solution be in the form 
of equation (6.4) with t-1\, viz., 
~ clix) + e^c\Ci) + ••• (6.23) 
Noting that 
Y Z  f  ;  4 — 0  ( 6 . 2 4 )  
I " 6^  X 
the previously eaployeu procedure is used again to obtain 
K -  = °  (G-251 
a % 
I 
Co) = 0 (6.26) 
K  •  =  ( r - l )  ( 6 . 2 7 )  
d X dTC 
I 
C  ( o )  = o (6.28) 
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Each of the second-order differential equations (6.25) and 
(6.27) needs two boundary conditions, and the missing boundary 
condition for each equation is provided by the matching 
principle, which states that there is an overlapping domain 
where both expansions are valid and agree with each other. Or 
formally. 
(6.29) 
Integration of equation (6.25) gives 
Because of equation (6.19b), the matching requires 
(6.30) 
(6.31) 
Therefore, equation (6.30) becomes 
(6.32a) 
or in terms of the original variable x. 
PCst o 
(6.32b) 
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C, An Example: Hichaelis-Meaten Bate Function 
Equation (6.1) with 
y = A f L p (6.33a,b) 
/cc;= — 
X f c 
(6.33c) 
is equation (2.16), Then from equations (6.14) and (6.32b) are 
obtainsd: 
X , 2 k) 
it 
fO-i-X) 
I -
FCF+l)(li-x) t 
6 
* 0(0 
fs/ 
hp—> 0 
+00)^ A, 
(6.34a) 
<—^co (6.34b) 
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VII. APPENDIX B: 
ORTHOGONAL COLLOCATION METHOD 
Villadsen and Stewart (197) were the first to develop the 
orthogonal collocation method (OCM) for boundary valus 
probiemsa According to them, the underlying principles of 
general collocation methods had been used for more than forty 
years to solve integral equations. Their development of the 
OCH was apparently influenced by Finlayson and Scriven (47), 
who had reviewed many approximate methods for solving 
differential equations and placed the collocation method under 
the method of weighted residuals. 
since its introduction, the OCH has found increasing use 
for solving widely different problems in transport problems and 
chemical reaction engineering, Stewart (176) applied the 
method to heat and mass transfer problems, villadsen and 
Sorensen (196) extended the applicability to initial value 
problems. Finlayson (45, U5) provided detailed discussions of 
the method, compared its merits relative to other approximation 
methods, and reviewed its application to the problems in 
chemical reaction engineering. Lapidus (104) , reviewing 
numerical methods employed in the literature to solve boundary 
value systems «here chemical reaction is coupled with flow, 
diffusion, and temperature fields, considered the OCH as the 
best of all. 
Since there are excellent accounts of the OCH, both in 
depth and in breadth, and extensive applications are available 
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in literature already cited and in a new book <195), only a 
cursory introduction of the method seems justified. The method 
will be illustrated through the problems of diffusion and 
reaction in Section II.ft and II.B, where equations of the form 
/c f-J ic 
C^(o) z 0 (7.2a) 
C ( I )  =  I (7.2b) 
were generated. 
— Choice of Trial Functions 
In the OCM, the unknown solution is expanded in a trial 
function. This function is continuous and defined over the 
entire domain, here, 0<x<1. Therefore, the OCM belongs to the 
class of global approximation methods, considering the 
symmetry of the present problems, a trial function of x® as an 
independent variable is chosen and the unknown solution is 
expanded: 
_ A/ 
C(x) = h + (l-X)Z. (A (7.3) 
i=l 
where the trial function (x^) are polynomials of degree i in 
x2, yet to be specified, and a^ are constants also to be 
determined. It is to be noted that by b=c(1)=1, the espressioa 
(7.3) automatically satisfies both of the boundary conditions 
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(7.2a,b), For problems without symmetry or those subject to 
different kinds of boundary conditions, Finlayson (45, 46) 
discussed the choice of trial functions. Therefore, for the 
present problems the approximate solution (7,3) is reduced to 
C'CX^) =: / + C(7.4) 
The unknown coefficients a^ are to be determined in such a 
way that the differential equation (7.1) is satisfied in soae 
specified approximate sense. The expression (7.4) is 
substituted in the differential equation, and the result is 
called the residual, E^(C*): 
- Ù(C^) (7.5) 
^  d x  X  c k x  
The residual would be identically zero throughout the domain if 
(7.4) were the exact solution. In the collocation method, the 
residual is required to be zero at a set of N grid points* 
called collocation points, which then determines the constants 
B. Orthogonal Collocation 
In the oca, the trial functions ^(x^) are orthogonal 
polynomials of the i-th degree in Also, thé N collocation 
points are the roots of P^(x2) =0. Stewart (176) has reported 
that these roots are the points of an optimal quadrature 
formula and that the orthogonal collocation allows the use of 
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the approximate solution in calculating a mean value or 
integral. Finlayson (46) has noted that the chief advantage of 
the global OCM is the very rapid convergence as the number of 
collocation points is increased. 
The choice of orthogonal collocation is left unspecified. 
Its relation to the kinds of boundary conditions and the 
properties dealt with (mean value, flux, etc») is extensively 
discussed by Finlayson (45, 46) and Young and Finlayson (216). 
For the present problem, the use of the Jacobi polynomial 
defined by ^ 
j  C  I  "  F i  ( x )  X  d X  ^  (7.6) 
was suggested fcy Villadsen and Stewart (197). 
The roots of the Jacobi polynomial P^(x2) are listed for 
N=1 to 6 in Finlayson <46). Alternatively, they can be 
calculated with the computer programs of Kjaer (87), which are 
reproduced in appendix c. 
C. application of the OCM 
The approximate solution is now obtained, since the only 
undetermined constants a^ in equation (7.4) were determined by 
requiring the residuals R„(C*)=0 at N collocation points which 
are the roots of the Jacobi polynomials P^(x2), The solution 
can be improved by increasing the number of collocation points. 
This method of coefficients (176) is inconvenient mainly 
because the coefficients have to be multiplied by the 
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polynomial to evaluate C*(x) at each point of interest. One of 
the attractive improvements avoids the use of coefficients and 
uses the ordinates C*(Xj) instead (197). 
The method of ordinates results in 
d x  
L A. C ex.) (7.7) 
J - l  
i. 
/ d r M dc^ 
d % \  d %  
~ IT ^ij ^  (7.8) 
j - / -
x=x. 
uhich shows how the gradient and Laplacian operators are made 
M M 
discrete. To obtain and B-j , Villadsen and Stewart (197) 
and Finlayson (45) used an inversion of matrix which involves 
the calculation of {1, x*, ...» xz*}. As the number of 
collocation increases, this method becomes as sloe and 
inaccurate as the inversion of a nearly singular niatris» On 
the other hand, Hichelsen and villadsen (135) proposed a 
convenient procedure for finding the discretization matrices A 
and B. This procedure was based upon a direct, recursive 
formulation and was found accurate even for N~80 (135), Their 
proposed algorithm was programmed in fOfiTSAN and listed in 
Appendix D. 
The application of the OCH to the specific problem (7.1) 
and (7.2) therefors yields 
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A/+' „ , M. 
H B,.C^ zkf(Cj) c = cO) = / 
for J s f, 2, ' ',/y (7.9) 
The differential equation was therefore reduced to a set of 
nonlinear algebraic equations for C*, i=1, 2, ... N. The 
algebraic equations can be solved with the use of a standard 
IHSL (International Mathematical and Statistical Library) 
subroutine or with the well-known Newton-fiaphson technique 
(24). Here, bcth of them were used and they are included an 
Appendix E, 
One of the advantages in using the OCM is that integrals 
or mean values over the domain of the solution can be 
accurately evaluated via the quadrature formula: 
The weights Wj can be obtained again with the matrix procedure 
(45, 197) or recursive formula of Hichelsen and Villadsen 
(135), The property of formula (7.10) is particularly 
important, since the effectiveness factor or activity of 
immobilized enzymes discussed in this dissertation is the 
integrated value of reaction rat« over the catalyst volume, and 
can be evaluated if the concentration is known at each 
collocation point. 
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VIII. APPENDIX C: 
BOOTS Of ORTHOGONAL POLYNOMIALS 
Kjaer (87) provided a general computer program for 
locating the roots of various orthogonal polynomials. His 
method was based upon recursive formulae of polynomials and the 
interest is specified by a set of parameters in his book, 
For example, (0,1/2) corresponds to the Jacobi 
polynomial. His program is reproduced in the following pages 
to locate the roots of the Jacobi polynomial. 
//a27 
//si 
//go» 
sjob 
c 
c 
c 
c 
c 
2 0 1  
990 
991 
9 92 
993 
994 
995 
996 
997 
10 00 
10 
iglee job u39s5vj.lee 
exec ttatfiv 
sys in oo * 
' <gkle£* »t1me=1 o.pages= 1 00 
O O .  this program calculates the roots of jacosi polynomials 
reference: kjaer (1972). 
1nteger error,i,j.k,nmax,xpow.kl.k2 
real*8 al(fa«e£ta»fa(25)ofb(25) . cn ( 25 ) » 2 « 25 ) . zlist ( 350 ) ,cnst 
1 xlist(350)»osqrt 
xpcw = 2 
alfa — ooooo 
beta = o.eoo 
cnst = 1.000/3.odo 
nmax = 20 
format (2 (:2x»Fia. 15 ) ) 
format c37m1roots of jacob i polynomials. nmax - .13) 
format (29IH n fattn) fb(n)} 
format (ih sî2.2f16.13) 
format (24h n cnîn) xpog= .13) 
format (ik «i2«f16.13) 
format (2hiz-. 18x,9hx=sqrt(z)) 
format (ih f)I3) 
format (ih *f18.15*2xof18.15) 
format (12h alfa,beta= .2^6.3) 
call orcoli(nmax.error.cnst»alfa 9beta.fa.fb.cn,zs zlist) 
write (6.990) nmax 
write (6.1000) alfa.beta 
write (6.991) 
do 10 1=1.nmax 
write (6.992) i.fa(i)ofb«i) 
write (6.993) xpow 
do 20 1=1,nmax 
c 
J = ï-i 
20 WRITE (6» 994) J«CNÎIJ 
WRITE €6.995} 
J = 0 
DO 40 I=1»NMAX 
WRITE (6«Ç96) I 
Kl = J+l 
K2 = J<-£ 
DO 30 K=K1.K2 
XHST(K) = OSQRT C 2LI STtK J i 
W R I T E  i r , 2 0 l }  Z I L I S T ( K ) ,  X L . I S T { K )  
30 WRITE (6.997) ZLIST(K), XLIST(K) 
40 J = J +1 
999 STCP 
END 
ao 
o> 
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Y = KOtAE^K) 
V = Y#(AP^Y) 
FBtNJ = Y/(Z2*(Z2-ONE)) 
10 CONTINUE 
IF (NMAX oEQ« OJl GO TTO 30 0 
DO 200 N=1<.NMAX 
NI = N-a-l 
IF IN oGT. 1) GO TO 30 
Z(l) = (CNE+BETA)/(TWO+AB) 
GO TO a 05 
30 Z(NJ = ONE 
DO 60 1=1,N 
J = N-I+1 
X = ZERO 
I F  ( j  o G T .  I l  x = z « j - a j  
60 2(J) = (Z(J)+X)/TWO 
DO 100 1=1„N 
X  =  Z C I )  
DO SO K=l, 2!S 
PN2 = ZEKC) 
PDN2 = ZERO 
PNI = ONE 
P>0N1 — ZERO 
DO 70 J=1 »M 
FAX = FA(J)-X 
PDN — FAX4PDN1 — FBCJÎ*PON2 
PN = FAX*PN1 - FB(J1»PN2 
PN2 = PN1 
PNl = PN 
PON2 = PDMl 
PONl — PCN 
70 CONTINUE 
O = PN/PDN 
X -= X-D 
Z(I) = X 
CD 
00 
PNl 
80 IF (DABS<0/<X+0*0001D0J) .LE. 
SO CONTINUE 
IF (K «GT. 20) ERROR=ERROR»l 
100 CONTINUE 
105 DO 110 1=1,N 
Z1 = 21+1 
110 ZLKST(Zl) - ZCIJ 
2 00 CONTINUE 
300 CONTINUE 
RETURN 
C 
END 
sentr y 
0D-10> GO TC SO 
00 
<x> 
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IX. APPENDIX D; 
DISCBETIZATION MATBICES AND HEIGHT VECTOR 
The use of the orthogonal collocation method requires the 
calculation of the descreiization matrices k and B and the 
weight vector w. This cam be achieved using the matrix method 
of Finlayson (45) or the more stable and general method of 
Michelsea and Villadsen (135), Both methods were used in this 
work and they are listed in the following pages. 
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z « M m M -) w M M 3 M 
uj V UJ (rt H H H K K H w u II » • • Z 0 
« M o z <r < < < < < + z o o -) -> M #4 UJ 
u. 
s 2 s 
K z K § z II M o z cvj o W u q ë U. 
w 2 z M a a 0 o 0 a UJ u u. w 0 0 u 
a M M Q CM u. u. u. u. u. u. K z M X Q q V H 
F=) (\j fn â m **3 w m m O o N O O O o o o r* 
^ (M N N cj oj 
V u u V V V 
20 CONTINUE 
C 
ÎOGT=10 
15 CALL LINV2F(Q«NC,15«QINV,[DGT,WKAREA*fERj 
WRITE (6,202) P,N 
DO 151 J=),NC 
151 WRITE «6.2101) ( Q î NV ( J . I) t 11 = 1 » NC J 
C 
16 CALL VMULFF(C*QINV.NC*NC.NC.15.1S.A.15.IER) 
W R I T E  ( 6 , 2 0 3 )  P ® N  
00 161 J=1,NC 
161 UR2TE (6.2013 (A(J.I),I=1,NC) 
C 
17 CALL VMULFF(D.QINV,NC,NC.NC,15»1S.B*1S.IER) 
W R I T E  ( 6 * 2 0 4 )  P « N  
DO 171 J= a»NC 
171 WRITE (6, 2013 (B( Ji. 1 } .1 = 1 ,>NC) 
C 
18 CALL VHULFFlFsQINV,1aNCeNC,1•15,»,lalER) 
WRITE (6.20Sj P.N 
WRITE (6,201) (B( 1 • I ) ,1=1 iiNC) 
C 
30 GO TO 1 
999 STOP 
END 
/"•GC.SVSLÏB DD 
// DO 
// DO DSNAME=SVS1.IMSL.DOUBLE,DISP=SHR 
//GC.SYSIN DD * 
1 1 
0 «4472135955 
1 2 
0.2352315165 O.7650553239 
1 3 
0,2092992719 O «597 1 00 II 81 4 0.87 1740 1485 
I 4 
0.1652789577 0.4779249498 0«7387738651 0.9195339082 
1 5 
0.1365529329 0.3995309410 0.6328761530 0.8192793216 0.9448992722 
1 6 
0.1163318689 0*3427240133 0.5506394029 0.7288685991 0« 86780310538 0.9599350453 
2 1 
0.57735 02692 
2 2 
0.39376 51911 0.803 087152 4 
2 3 
0.2976372952 0.6398959794 0.8875018095 
2 4 
0.2389648430 0.5261587342 0.7639309081 0.9274913130 
2 5 
0.1995240765 0.4449869862 0.6617966532 0.8339450062 0.9494550617 
2 6 
0.1712204053 0.3848098228 o.5805038245 0.7474433215 0.8770597825 0.9627801781 
3 1 
0.6546536707 
3 2 
o.4688487935 0.3302238963 
3 3 
0.3631174638 o.6771862795 0.8997579954 
3 4 
0.2957581356 0.5652353720 0.7844834737 0.9340014304 
3 5 
o.2492869301 0.4829098211 0.6861684691 o.8463475647 0.9533098466 
3 6 
0.2153539554 0.4206380547 0.6062532055 0.7635196900 o.8850820442 o.9652459265 
3 7 
0.1895119735 0.3721744336 0.5413853993 0.6910289806 0.8156962512 0.9108799959 
0.9731321766 
3 8 
0.1691860234 0.3335048478 0.4882292857 0.6289081373 0.7514942026 0.8524605778 
O o  9 2 8 9 0  1 5 2 8 2  
3  9  
0 . 1 5 2 7 8 5 5 1 5 8  
0 . 8 7 9 2 9 4 7 5 S 3  
3  1 0  
O o  & 3 9 2 7 6 2 0 4 0  
0 « @ 2 9 6 5 1 0 9 6 7  
3  A  1  
O ®  £ 2  7 9 5  7 0 5 9 5  
0 . 7 8 2 3 1 9 6 5 9 2  
3  1 2  
O o 1 1 8 3 3 6 3 3 3 9  
O o  7 3 8 2 2 7 1 4 9 8  
3  1 3  
0 «  1 1 1 0 0 5 9 0 1 3 4  
O o  6 9  7 6  1  8 6 6  1  4  
0 . 9 9 0 0 7 2 9 8 8 3  
0 . 9 7 8 6 1 1  7 ' 6 6 2  
0 . 3 0 1 9 8 9 8 5 6 5  
0 . 9 4 1 9 7 6 2 9 7 0  
0 . 2 7 5 8 4 1 5 4 8 9  
0 , 8 9 9 4 5 8 5 5 8 0  
0 * 2 5 3 8 1 3 0 8 4 2  
0 , 8 5 5 6 7 6 4 6 5 8  
0  < > 2 3 5 0  a  1 4 8 3 1  
O  < . 8 1  2 9 2 0 4 3 6 9  
0 « 2 1 8 7 @ 2 0 5 8 3  
O « 7 7 2 2 7 2 8 9 7 2  
0 . 4 t 4 1 1 5 7 8 3 3  
0 . 9 3  2 5 7 2 2 9 6 6  
0 . 4 ) 7 0 3 7 9 3 7 9  
0 . 9 3 1 7 5 7 9 5 5 7  
0 . 3 7 5 5 0 1 4 5 7 9  
0 . 9 1 4 9 8 2 7 7 0 7  
O . 3 4 8 3 8 7 5 8 2 0  
0 . 8 7 6 2 0 2 0 8 6 2  
O . 3 2 4 8 4 9 3 8 2 8  
O o 8 3 7 5 5 2 7 3 6 3  
0 . 5 7 5 8 3 1 9 6 0 3  
0 . 5 3 0 3 1 1 7 7 1 1  
0 . 9 8 5 5 2 7 1 5 5 9  
0 . 4 9 1 0 2 4 1 1 4 8  
0 . 9 5 9 2 6 4 1 3 8 3  
0 . 4 5 6 8 7 3 0 7 5 6  
0 . 9 2 7 1 8 3 4 5 8 7  
0 . 4 2 6 9 7 3 4 7 1 7  
0 . 8 9 2 6 6 5 7 2 0 0  
0 . 6 9 4 0 5 1 0 2 6 1  
0 . 6 4 3 2 6 3 6 4 4 5  
O . 5 9 8 4 8 4 1 4 7 3  
0 . 9 8 7 7 8 9 9 4 4 9  
0 . 5 5 8 9 4 5 0 6 0 9  
0 . 9 6 5 1 4 8 4 0 2 5  
0 . 5 2 3 9 1 4 6 7 4 4  
0 . 9 3 6 9 4 2 7 1 8 5  
0 . 7 9 6 0 0 1 9 2 6 1  
0 * 7 4 3 6 9 5 0 4 1 2  
O . 6 9 6 1 1 7 0  4 8 8  
0 . 6 5 3 1 7 0 6 6 3 7  
0 . 9 8 9 5 6 0 9 6 3 7  
O . 6 1 4 4 9 6 2 5 2 2  
0 . 9 6 9 8 4 5 8 0 7 3  
/ / A 2 7 1 G L E E  J O B  U 3 9 5 5 V J « 1 _ E E  
/ / S I  E X E C  W A T F I V  
/ / G O .  S Y S  I N  O D  < >  
$ J O B  •  G K U E E «  , T I l v l E = 2 5 » P A G e S = 1 0 0  
C  
I M P L I C I T  R E A L * 8 ( A - H o O - Z )  
D I M E N S I O N  X ( 2 5 ) ,  A ( 2 5 « 2 S % .  B ( 2 5 * 2 5 ) .  U ( 2 5 ) «  X S T A R ( 2 5 1 .  
1  A S T A R {  2 5 . 2 5 )  ,  E 3 S T A R  (  2 5 *  2 5 }  «  W P R I M E ( 2 5 )  
1 0 1  F O R M A T  ( F 4 . . 1  .  I 3 / 2 t 2 X o F 1 8 ®  ;i5) i  
201 format clml,43xo»p =« . f5 . il/44x . ® n =".i3// 
1  3 0 X , » X S T A R (  J Î  »  s 2 2 X 9 « X « J )  • / )  
2 0 2  F O R M A T  «  2 4 X .  F  1 8 «  I  5 »  1  i  X  s  F 1  1 5  I  
2 0 3  F O R M A T  { I H  , 7 D I T . 1 0 )  
2 0 4  F O R M A T  C I  H O .  4 4 X «  •  A f  I  »  J  i  • / J )  
2 0 5  F O R M A T  (  1 H O • 4 4 X » • 8 ( 1  »  J ) « / >  
2 0 6  F O R M A T  ( 1 H 0 , 4 5 X * * W ( I 3 * / )  
3 0 1  F O R M A T  {  4  C 3 I X  ,  D  1 7  .  1 0  )  )  
1  R E A D  ( 5 . 1 0 % . E N D = 9 9 9 . E R R = 9 9 9 )  P .  N .  C X S T A R C J ) .  X C J ) .  J = l .  
W R I T E  ( 6 . 2 0 1 )  P , N  
W R I T E  (  6  .  2 0  2  )  ( X S T A R ( J ) .  X (  J )  «  J = 1 « N )  
N I  =  N i l  
O N E  =  1 . 0 0 0  
T W O  =  2 o 0 D C i  
x ( N i )  =  one: 
X S T A H C N I J  = :  O N E  
C A L L  O R C O L 2 C X S T A R . N . N l , 2 5 „ A S T A R , B S T A R . W P R I M E )  
S U M #  =  0  
O O  1 0  1 = 1 , M l  
S U M W  =  S U M U l  +  W P R I M E C I )  
1 0  C O N T I N U E  
O O  a s  1 = 1 , N i l  
D O  1 5  J = 1 , N 1 1  
A C . J )  =  T W O ^ X C  I  ) « = A S T A R C  ] ; «  J )  
B C S « J 2  =  T W O * ( T W O * X S T A R ( I ) * B S T A R ( I * J ) ^ P * A S T A R ( I , J ) )  
1 5  C O N T I N U E  
D O  2  0  1 = 1 » N l  
2 0  W (  l î  =  M P R E M E ( I ) / ( P * S U M W )  
W R I T E  ( 6 , 2 0 4 j  
D O  3 0  1 = 1 » N 1  
W R I T E  f 6 s  2 0 3 )  ( A ( I , J ) ,  J —  1  < )  N 1  )  
3 0  W R I T E  < 7 , 3 0 1  J  (  A d a  J )  •  J =  1  o N l  J  
W R I T E  ( 6 . 2 0 5 1  
D O  4 0  1 = 1 , N X  
W R I T E  ( 6 . 2 0 3 )  ( B  (  I . J )  ,  J =  1  , . N 1  )  
4 0  W R I T E  ( 7 , 3 0 1 )  ( B (  I *  J  j  •  J  =  1  N  1  )  
W R I T E  ( 6 , 2 0 6 )  
W R I T E  ( 6 , 2 0 3 )  ( 8 ( 1 ) .  I  =  1  .  M l .  )  
W R I T E  ( 7 . 3 0 1 )  (  W (  1 )  .  I  =  1  «  M i l  )  
G O  T O  1  
9 9 9  S T O P  
E N D  
VD 
en 
S U B R O U T I N E  O R C O L 2 ( X . N . N 1 « N O , A , 6 . W P R I M E 9  
• o .  R E F E R E N C E :  M I C H E L S E N  £ -  V I L L A D S E N  ( 1 9 7 2 ) .  «  
« o «  G I V E N  T H E  R O O T S  O F  J A C O B I  P O L Y N O M I A L S ,  T H I S  S U B R O U T I N E  
C L C U L A T E S  A »  B ,  A N D  W  B Y  A  D I R E C T .  R E C U R S I V E  P R O C E D U R E  
T H A T  I N V O L V E S  N E I T H E R  T H E  E X P L I C I T  E X P R E S S I O N  O F  T H E  
P O L Y N O M I A L  N O R  T H E  M A T R I X  M A N I P U L A T I O N S  A S  I N  F I N L A Y S O N  «  
• o .  T H E  D I S C R E T I Z A T I O N  M A T R I C E S ,  A  A N D  B «  A R E  T H E  S A M E  A S  
U S E D  B V  V I L L A D S E N  A N D  S T E W A R T ,  O R  F I N L A Y S O N ,  B U T  
D I F F E R E N T  F R O M  A S T A R  A N D  B S T A R  O F  M I C H E L S E N  A N D  V I L L A D S E N  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z J  
D I M E N S I O N  X C N O i •  A ( N D . N O % «  B ( N D . N D ) ,  W P R I H E C N D J .  
1  X 0 J ( 2 5 ) .  P X 1 ( 2 S ) ,  P X 2 < 2 5 ) .  P X 3 { 2 5 ) .  
2  P l < 2 5 ) ,  P 2 ( 2 5 ) «  P 3 ( 2 5 )  
Z E R O  =  O a O D O  
O N E  -  I o O D O  
T W O  =  2 e O D O  
T H R E E  =  3 . 0 D 0  
D O  2 0  1 = 1 , N 1  
X O  =  X t  Ï  >  
P X 1  C I )  =  O N E  
P X 2 f 1 1 =  Z E R O  
P X 3 C 1 1 =  Z E R O  
D O  1 0  J = 1 , N  
I F  ( J  « L T «  I  a  G O  T O  5  
X O J ( J )  =  X O - X l J + 1 )  
G O  T O  6  
X O J C J )  =  X O - X ( J )  
P X 1 < J + 1 3  =  X 0 J ( J ) * P X 1 ( J )  
P X 2 ( J + 1 J  =  X O J f J ) * P X 2 Î J )  4  T W O * P X l ( J )  
P X 3 ( J + 1 )  =  X O J C J ) * P X 3 C J )  4  T H R E E * P X 2 ( J )  
CONTINUE 
20 
3 0  
P X l ( N + l J  
P X 2 (  N 4 - 1  )  
P X 3 ( N + 1 }  
.nil 
P 1 ( I )  -
P 2 Î I  )  =  
P 3 Î  I  )  =  
C O N T I N U E  
D O  3 0  1 = 1  
A  1 1 .  I  3  =  P 2 ( I ) / ( P l ( I j * T W 0 3  
8 ( 1 , 1 )  =  P 3 ( I ) / ( P l ( I j * T H R E E )  
W P R I M E d l J  =  O N E / ( P l ( I ) # P l K I ) * X ( I ) )  
C O  N T I  N U E  
D O  5 0  1 = 1  . N i l  
D O  4 0  J = l « N i l  
I P  d J  « E Q .  I )  G O  T O  4 0  
A ( I . J )  =  P I  (  ! ) / •  t  P I  C  J  J  * ( X  <  i :  ) - X (  J  )  )  )  
=  i r a o ^ A f  I  »  j ) 4 ! ( A ( I  , ] l > - O N E / ' ( X ( I  J - X Î  J )  )  J  
4 0  C O N T I N U E  
5 0  C O N T I N U E  
R E T U R N  
E N D  
S E N T R Y  
3  «  O  6  
0 . 0 5 3 1 1 1 0 3 5 3 9 2 8 7 7  
0 . 2 0 : 1 4 5 7 4 7 7  3 2 2  4 0  
0 . 4 1 2 6 1 2  6 7 3 6 7 9 4 4 1  
0 . 6  4 2 5 2 7  4 3 5 5  4 3 6  5 8  
0 . 8 4 1 9 8 6 8 2 2 2 5 6 5 7 2  
0 . 9 6 8 6  1 6 2 8 5 1 9 5 2 1 1  
VÛ 
00 
0 .  2 3 0 4 5 8 3 1 1 5 9 5 5  1  3 5  
0 . 4 4 8 4 9 2 7 5 1 0  3 6 4 4 7  
0 . 6 4 2 3 4 9 3 3 9 4 4 0  3 4 0  
0 . 8 0 1 5 7 8  0 9 0 7 3 3 3  1 0  
0 . 9 1 7 5 9 8 3 9 9 2  2 2 9 7 8  
0 . 9 8 4 1 8 3  0  5 4 7  1 8 5  8 8  
199 
X. APPENDIX E: 
DEACTIVATION OF IMMOBILIZED ENZYMES 
In the following pages are listed computer programs 
including necessary subroutine programs for solving equations 
(2-49) to (2.51). 
/ / A 2 7 1 G L E E  J O B  U 3 9 5 5 V J , L E E  
/ * J C e P A R M  L I N E S - 1 4  
/ / S T E P  I  E X E C  F O R T G C G . R E G I O N . G O = 9 6 K , T I M E . G 0 = 1 0  
/ / F O R T . S Y S f N  D C  *  
C  
C  . . .  D E F I N E  P A R A M E T E R S  « . .  
C  
c B i t i . j j : ;  BCI.J3 i=i«Nj j = i » N .  
C  B 2 ( I ) :  B C I e N ^ l ) *  1 = 1 . N .  
C  C ( j | :  D I M E N S I O N L E S S  C O N C E N T R A T I O N  A T  T H E  J - T H  
C  C O L L O C A T I O N  P O I N T »  C ( N + 1 ) = 1 . C .  
C  D K :  O I M E N S I O N L E S S  M I C H A E L I S  C O N S T A N T .  
C  E { J i ) :  O I M E N S  l O N L E S S  C O N C E N T R A T I O N  O F  A C T  I V E  E N Z Y M E  
C  A T  T H E  J - T H  C O L L O C A T I O N  P O I N T »  W I T H  E ( J j = 1 . 0  
C  F O R  J = l o N + l  A T  T = 0 o  
C  EFF: E F F E C T I V E N E S S  F A C T O R .  
C  H :  S T E P  S I Z E  F O R  T H E  I  V P .  
C  H P :  T H I E L E  M O D U L U S .  
C N:  NUMBER OF INNER COLLOCATION POINTS.  
C  P: shape FACTOR »  
C  R E S J ;  R E S I D U A L  A T  Y H E  J - T H  C O L L O C A T I O N  P O I N T .  
C  X ( J > :  C O L L O C A T I O N  P O I N T S  W I T H  X C N + 1 ) = 1 . 0 .  
C  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z }  
D I M E N S I O N  C C 2 5 I I ,  W ( 2 5 ) ,  W A ( 4 0 0 ) .  F ( 2 5 )  
COMMON HP.  DK,  81 (25 .25 ) , ,  B2(25 )T>  EC25) ,  N  
EXTERNAL BIESJ  
C  
101  FORMAT (F4 .1 . I3 )  
1 0 2  F O R M A T  ( 4 ( 3 X , 0 1 7 . 1 O J )  
103  FORMAT (5F10 .3« I10 )  
2 0 1  F O R M A T  ( 1 H 1 . 4 3 X , « P  =  •  «  F 7  „  1 / 4 - 4 X  •  »  N  = * , I S / 4 3 X . " H 3  = ' , F 9 . 3 /  
1  4 3 X , " H P  = " . F 9 . 3 / 4 3 X , « D K  = ' . F 9 . 3 / 4 2 X , " P H I  = « « F 9 . 3 /  
2  4 0 X , " D E L T A  = ' , F 9 . 3 / 4 4 X , * H  — » » F 9 . 3 )  
2 0 2  F O R M A T  C  I H O . 3 X « i H T  « 9 X . 7 ( 2 H C I  2 , 1 H ) • 5 X I • «  E F F •  « 6 X »  »effr• , 
1  9 X , ' E F F T * / ( 1 4 X « 7 ( 2 H E ( . 1 2 , I H ) . 5 X ) ) )  
2 0 3  F O R M A T  (  I H O , F 6 «  2  « 3 X » S F 1 0  « S . 3 X , O 1 2  « 5 / (  1  O X « 7 F X 0 ® 5 )  J  
C  R E A D  I N  D A T A  
C  
1  R E A D  ( 5 » 1 0 1 s E R R = 9  9 © J  P «  N  
D O  1 5  1 = 1  . M  
R E A D  ( 5 , 1 Q 2 . E R R = 9 9 9 )  ( B l C J t a J J .  J - l . N ) »  8 2 ( 1 )  
15 continue 
N1 = N+1 
READ ( 5 , 1 0 2 . E R R = 9 9 9 5  <  W  (  I  1 >  ,  1 = 1 , N l )  
2  R E A D  ( 5 , 1 0 3 . E R R = 9 9 9 « E N D = 9 % 9 )  H 3 .  D K ,  D E L T A *  T M A X ,  H ,  I P R I N T  
H P  =  H 3 « D S Q R T ( D K )  
F K  =  ( l + C K J * D S Q R T ( 2 = - 2 * D K * D L O G ( ( l . + O K ) / D K j )  
P H I  =  H P / ( P * F K )  
W R I T E  ( 6 , 2 0 1 )  P »  N ,  H 3 »  H P ,  O K ,  P H I ,  D E L T A .  H  
W R I T E  ( 6 . 2 0 2 )  ( J «  J = l . N l l i .  ( J ,  J = 1 , N 1 )  
C  
C  G I V E  B O U N D A R Y  A N D  I  N I  T  : [  A L  C O N D I T I O N S  O R  G U E S S E S  
C  
I C C U N T  =  C  
C €  N i  )  =  1  * 0 '  
T  =  0  
D O  3  J = I  ,  N  
C ( J j  =  O  
E ( J )  =  1 - 0  
3  C O N T I N U E  
C  
C  o o «  S O L V E  S V P  U S I N G  M O D E U L  S U B P R O G R A M  . . .  
C  
A  M  =  M O D E U L C N . E , F « T . H I  
I F  C M  . E Q .  O )  G O  T O  9  
C  
C  « € > •  S O L V E  R E S I D U A L S  F O R  C < J )  . . .  
C  
E P S  =  1 . O D - 6  
NJ 
O 
N S I G  =  6 
I T M A X  = 1 0 0  
C A L L  Z S Y S T M ( R E S J » E P S » N S I G o N o C  « I T M A X , W A . A A R . 1 E R }  
I F  ( M  « E Q .  1 )  G O  T O  7  
C 
C  < » « «  C A L C U L A T E  E F F E C T I V E N E S S  F A C T O R  . . .  
C  
E ( N 1 J  =  D E X P ( - T # ( D K + D E L T A ) / ( D K + 1 . ) )  
E E  =  O  
D O  5  J = 1 « M  
R  =  C ( J l / ( D K + C ( J ) ) a E ( J )  
E E  =  E E  + IRfrWCJ) 
5  C O N T I N U E  
E P F  =  P * ( l . + O K J * E E  
I F  ( T  . G T .  0 )  G O  T O  6  
E F F O  =  E F F  
6  E F F R  =  E F F / E F F O  
E F F T  : =  E F F / E C N I J  N )  
C S  
I F  ( I C O U N T / I P R I N T ^ I P R I N T  « N E .  I C O U N T i  G O  T O  6 6  
W R I T E  ( 6 « 2 0 3 )  T ,  ( C ( J ) ,  J = i . 7 ) ,  E F F .  E F F R ,  E F F T .  
1  ( E ( J ) .  J = 1 , N 1 )  
6 6  C O N T I N U E  
C  • • • G O  B A C K  T O  M O O E U L  • • c  
C  
7  D O  8  J =  1  0  N  
7 7  F ( J )  =  - ( D K + D E L T A » C ( J ) j / ( D K + C ( J ) ) * E ( J )  
8  C O N T I N U E  
G C  T O  4  
C  
C  • « .  I F  T  G R E A T E R  T H A N  T  M A  X „  T E R M I N A T E  • • .  
C  
9  I C C U N T  =  I C O U N T  1  
I F  ( T  . G T .  T M A X )  G O  T O  2  
G O  T O  4  
999 stop 
end 
fo 
o 
OJ 
function ke-sj£co k.pahî 
c 
implicit meal*8(a-hoo-z) 
common hp. O K o  8%(25,25). 82(253. e(25), n 
dimension 
c 
resj = -hp'**2*c(k)/(dk+c(k)j*e(k) + b2îk) 
do 1 
resj = resj g1(k.j)*c(j) 
1 continue 
return 
c 
end 
NJ 
O 4= 
F U N C T I O N  M C ) D E U L Î N » Y » F  b X » H : î  
C  
I M P L I C I T  R E A L * 8 ( A - H » 0 - Z )  
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XI. APPENDIX F: 
CALCULATION OF 
Suppose that immobilized glucoamylase having diameter dp 
fimg void fraction 0, and solid density g/cms, yields an 
activity of D/g with w% of dextrin. Also suppose that the 
value of effective diffusivity of the dextrin is known or can 
be estimated to be xlO-? cmz/sec. 
Noting that 
Dextrin <d.p.=N) — > N-Glucose + (M - 1) R^O 
the rate of dextrin disappearance, is 
Pp ytCflcol JexTriix. JjSa.fp&<^cL 
'V f j  ( K i n  '  m i  o f  H H M o h i  I i z & e i  
••6 //-/ A 5 (dextrin 
= j/»/, 
J Jer-triK 
Z.I >t 10 PR 
f jec ,*1 
Therefore 
6 J P.. C eA 
, 2  - 8  
x fo —:— ^ -
X. 10 • 7 W foo 
= X AA&L 
4^ ^ 
212 
For example, 40/80 aesh controlled pore glass had dp = 313 
(Xis. (124), ^  = 0.79, and = 2.65 g/cms (214), Then = 
/P^(1 - $) - 0.56. Experimental data in Fig. 4.U showed that 
the immobilized glucoamylase activity was 1691 U/g at 25.64% 
Maltrin-15. At this concentration, the estimated effective 
diffusivity is 1.75x10-? cm^/sec (Table 6). Substitution of 
all these values into the above equation for yields = 
1 . 5 5 .  
2 1 3  
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